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ABSTRACT
Fractures and arthritic joint destruction are common in the hand. Surgical interventions 
are required to minimise functional impairment in more severe cases. A reliable and stable 
fracture fixation can be achieved by metal implants, which however, become unnecessary or 
even harmful after consolidation. The silicone implant arthroplasty is the current method of 
choice for reconstruction of metacarpophalangeal joints in rheumatoid patients. However, 
the outcome tends to worsen with long-term follow-up and implant-related complications 
become frequent. To address these problems, bioabsorbable implants were designed for the 
hand area. The bone fixation stability provided by bioabsorbable implants is of concern in the 
hand. Bioabsorbable joint scaffold arthroplasty offers a concept for small joint arthroplasty, 
but the histology is unknown.
Aims of the studies were: 1) to evaluate the biomechanical stabilities provided by self-rein-
forced (SR) bioabsorbable poly-L/DL-lactide 70/30, polylactide-polyglycolide 80/20 and 
poly-L-lactide implants in a transverse and an oblique osteotomy of small tubular bones and 
to compare them with those provided by metal implants; 2) to evaluate the SR poly-L/DL-
lactide 70/30 plate for osteosynthesis in a proof-of-principle type of experiment in three cases 
of hand injuries; and 3) to evaluate the poly-L/D-lactide (P(L/D)LA) 96/4 joint scaffold, a 
composite joint implant with a supplementary intramedullary Polyactive® 1000PEO70PBT30 
stem and Swanson silicone implant in an experimental small joint arthroplasty model.
Methods used were: 1) 112 fresh frozen human cadaver bones and 160 pig metacarpal bones 
osteotomised transversally or obliquely, respectively, and tested ex vivo in three point bending 
and in torsion; 2) three patient cases of complex hand injuries; and 3) the fifth metacar-
pophalangeal joints reconstructed in 18 skeletally-mature minipigs and studied radiologically 
and histologically.
Results of bioabsorbable fixation: In a transverse osteotomy, a 2.0 mm bioabsorbable plate 
system provided fixation stability comparable to that of a 1.7 mm titanium plate system but 
lower than that of a 2.3 mm titanium plate system. In an oblique osteotomy, 1.5 mm bioab-
sorbable pins provided fixation rigidity comparable with 1.5 mm Kirschner wires in dorsal 
and palmar apex bending, but torsional rigidity was lower. 2.0 mm bioabsorbable screws 
provided rigidity comparable with that of 1.5 mm Kirschner wires in all directions, but with 
lower rigidity than the titanium screws. The bioabsorbable plate considerably enhanced the 
bending stability for the fixation construct, but a single bioabsorbable screw provided only 
minor torsional stability. In patient cases, a bioabsorbable plate and screws were successfully 
used for osteosynthesis resulting in consolidation.
Results of bioabsorbable joint scaffold arthroplasty: P(L/D)LA 96/4 joint scaffold formed a 
porous interposition spacer, which maintained the arthroplasty space and induced fibrous 
tissue in-growth in situ. The scaffold was initially filled with vascular, loose connective tissue. 
Along with the degradation of the scaffold, the in-grown connective tissue matured and con-
densed turning into dense fibrous connective tissue. After three years, the scaffold had almost 
completely degraded and been replaced by well-organised dense fibrous tissue. Patches of 
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loose connective tissue with few macrophages and foreign-body giant cells were seen as a 
last sign of the polymer degradation process. In the composite joint implant, the Polyactive® 
1000PEO70PBT30 stem caused deleterious, osteolytic tissue reaction.
Conclusions: The initial fixation stabilities provided by bioabsorbable implants in the tubular 
bones of the hand were comparable with currently-employed metal fixation techniques, and 
were sufficient for fracture stabilisation in three preliminary cases in the hand. However, in 
torsion the stabilities provided by bioabsorbable implants were lower than that provided by 
metal counterparts. The bioabsorbable plate enhanced the bending stability for the bioabsorb-
able fixation construct. P(L/D)LA 96/4 joint scaffolds demonstrated good biocompatibility 
and were shown to enable fibrous tissue in-growth in situ and finally formation of a func-
tional, stable pseudarthrosis with dense fibrous connective tissue. However, due to deleteri-
ous tissue reaction, a supplementary Polyactive® 1000PEO70PBT30 stem can not be applied 
to the composite joint implant. The bioabsorbable implants have potential for use in clinical 
hand surgery, but have to await validation in clinical patient series and controlled trials.
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ABBREVIATIONS










PEO/PBT co-polymer of polyethylene oxide and polybutylene terephtalate
1000PEO70PBT30 co-polymer of polyethylene oxide and polybutylene terephtalate with a 
PBT content of 30 mol-% and an initial PEO segment length of 1000 Da
PIP proximal interphalangeal
PGA polyglycolic acid or polyglycolide
PDLA poly-D-lactide
PDS polydioxanone
PLA polylactic acid or polylactide





ROM range of motion
SD standard deviation
SR self-reinforced
EW VK.indd   10 10.9.2008   23:40:34
11
1   INTRODUCTION
Hand function is important for the human being. The delicate and complex anatomy of the 
hand is reflected in its sophisticated mechanical and sensory functions. Because of active use, 
the hand is susceptible to disorders such as traumatic injuries and arthritic joint destruction. 
They may lead to impairment of hand function affecting quality of life, work ability and social 
communication. Optimal management of hand injuries and arthritis can prevent a significant 
amount of morbidity and disability.
In the unstable fractures or complex injuries of hand, internal fixation is often needed. Metal 
implants provide reliable and stable fixation allowing early mobilisation, but they become 
unnecessary or even harmful after consolidation [20, 49, 125, 127, 174, 175]. Prominent 
implants may interfere with surrounding tissues causing tendon irritation and disturbing 
joint movement [127, 175]. Problems may arise from pin track infections and loosening [20, 
174]. Hence, the metal implants are often removed in a secondary operation [20, 174, 175].
Small joint arthroplasty is a challenging problem in hand surgery. In advanced metacar-
pophalangeal (MCP) joint destruction, silicone implant arthroplasty – the current method of 
choice – provides satisfactory results in rheumatoid patients, which, however, tend to worsen 
over time [33, 53]. Silicone-implant related complications include implant breakage, frag-
mentation and wear, as well as osteolysis around the implant [9, 33, 47, 53, 188]. The use 
of current biostable hardware in the operative treatment of hand fractures and small joint 
arthroplasty, does not yield optimal functional outcomes and may lead to complications 
necessitating repeated surgical procedures.
Bioabsorbable implants are increasingly used for bone fixation in trauma, orthopaedic [158, 
219] and craniomaxillofacial surgery [6, 219]. The aim with their use is to retain tissue-sup-
porting properties for a certain period of time to guarantee regeneration of damaged tissues 
and to guide the growth of new tissue, while at the same time allowing degradation and finally 
replacement of the implant by host tissue. This helps limit possible long-term adverse effects 
of implants and avoid the necessity for further surgical intervention.
The biomechanical properties of bioabsorbable fixation implants have not been well vali-
dated in hand bones, where small implants of good mechanical properties are required. 
Bioabsorbable poly-L/D-lactide (P(L/D)LA) 96/4 joint scaffold arthroplasty is a recent, clini-
cally-introduced concept in the reconstruction of small joints [64, 65], but experimental in 
vivo studies are needed to validate this concept.
In the present study, the applicability of bioabsorbable polymers for hand osteofixation and 
for small joint arthroplasty was studied.
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2   REVIEW OF THE LITERATURE
2.1 Anatomy and biomechanics of the hand
The skeleton of the hand consists of carpal, metacarpal and phalangeal bones. The metacarpals 
are the most proximal of the long bones of the hand and form the support structure for the 
palm. Their shafts are curved longitudinally so that they are convex dorsally and concave on 
their volar aspect. Four of the fingers contain three phalanges each, but the thumb only has two. 
The joints of the fingers are metacarpophalangeal (MCP), proximal interphalangeal (PIP) and 
distal interphalageal (DIP) joints. In the thumb there is only one interphalangeal (IP) joint.
The MCP joint is integral for the normal function of the hand. It is a condylar joint, in which the 
convex metacarpal head articulates with the shallow concave cavity of the proximal phalanx 
base. The articular surface of the head of the metacarpal bone has a wider volar surface, which 
arrangement leads to the tightening of the collateral ligaments when the joint is brought in 
flexion. There is a volarly-moving axis of rotation, when the MCP joint comes into flexion. 
The stability is achieved via the collateral ligaments on the radial and ulnar sides of the joint, 
more volarly via accessory collateral ligaments and via the volar plate on the volar side of the 
joint. Dorsally, the joint is reinforced by the expansion of the digital extensor tendon (extensor 
hood). Additionally, the deep transverse metacarpal ligaments connect the medial four joints 
to each other and hold the heads of the metacarpal bones together. Normal synovial mem-
brane is attached around the margins of the articular cartilage with volar and dorsal capsular 
reflections. The range of motion (ROM) for the MCP joint is normally described to be 90-100° 
for active flexion-extension, and a maximum of 60° for abduction-adduction with extension 
but decreasing with flexion. The combination of these movements also allows restricted axial 
rotation. The MCP joint deviates slightly in the ulnar direction with flexion of the digits.
The IP joints are hinge joints located between the phalanges, and their movement is limited 
to flexion and extension. The volar plate and collateral ligaments provide stability to the joint. 
The metacarpal bones articulate to carpal bones by carpometacarpal (CMC) joints of 2nd to 
5th finger with little or no mobility. The CMC joint of the thumb (CMC I, trapeziometacarpal 
joint) is a biconcave-convex saddle-shaped joint with good mobility and, for example, enables 
the thumb to be positioned in opposition to the other fingers. Its elaborate ligamentous system 
is essential for its stability and allows high force transmission during routine pinch and grasp 
[12]. The movements of the hand occur primarily in the wrist, which articulates the hand to 
the forearm and includes eight carpal bones arranged in two rows of four each: trapezium, 
trapezoid, capitate, hamate; scaphoid, lunate, triquetrum and pisiform.
The musculature moving the fingers falls into two groups: 1) the extrinsic muscles, the flexors 
and extensors which pass from the upper forearm to the hand; and 2) the intrinsic muscles, 
the interossei and lumbricals which are situated close to the metacarpal bones. The deep 
and superficial flexors, respectively, produce flexion of the DIP and PIP joints. There are five 
annular pulleys and four cruciate pulleys, which prevent bowstringing of the flexor tendons 
across the joints. The interossei and lumbrical muscles exert a flexion force on the MCP joint 
through their attachments into the extensor hood and proximal phalanx. The flexor tendons 
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can also exert a flexion moment on the MCP joint, but their insertions on the phalanges 
require this to occur after IP joint flexion. The thumb has only a single extrinsic tendon for 
the flexion of IP joint, and three pulleys.
The extrinsic extensors are primarily responsible for MCP extension. An inconstant pattern of 
intertendinous connections (juncturae tendinum) exists at the metacarpal level. Unlike other 
fingers, both the index and small finger have dual extensor system. The sagittal bands aid in 
extension of the MCP joint through their insertion into the volar plate, as well as stabilising the 
extensor tendons over the joint itself. The interossei and lumbrical muscles are the principal 
extensors of the IP joints of the fingers. The interossei muscles also work as abductors and adduc-
tors of the fingers. The extensor mechanism of the thumb is different from that of the fingers 
in that each joint has an independent tendon for extension. The intrinsic muscles of the thumb 
primary provide rotational control, but also contribute to MCP flexion and IP extension.
The function of the hand is assessed by recording the total active ROM of the affected finger, 
recorded as the summation of flexion range of the MCP and IP joints. The normal range for 
thumb has been recorded to be 140° and for other fingers 260° [39, 48].
The internal forces acting in the bones, joints and soft tissues during hand function have been 
analysed [9, 37, 222]. The maximum force generated by the flexor tendons [80] has been cal-
culated to create an average bending moment of 0.35 Nm to metacarpals [202]. The average 
pinch strength has been reported to be 70 N for men and 50 N for women [9], whereas for 
arthritic patients only 5-20 N [222]. From the external forces exerted on finger pad, the inter-
nal forces that act on the MCP joint have been estimated by splitting the internal force into 
three vectors, which are perpendicular to the metacarpal bone (X), volar (Y) and ulnar (Z) 
force components. These internal force components have been reported to be on average 6, 
3, and 2 times the external force in the pinch grip, and 12, 6 and 4 times the external force 
in the full power grip, in each X, Y and Z direction respectively [9]. Thus, according to these 
three dimensional models, the average maximum pinch strength of male and female yields 
compressive forces of 420 N and 300 N on the MCP joint surface, respectively. Experimental 
measurements have shown that a pinch force of 1 kg at the thumb tip translates a 12 kg 
compression force at the CMC I joint, but compression forces up to 120 kg may occur at the 
CMC I joint during a strong grasp [37].
Fractures of the metacarpals and phalanges may be associated with variable degrees of angula-
tion, shortening and rotation. Typically, metacarpal shaft fractures tend to angulate apex dor-
sally because of the deforming pull of the flexor tendons and the intrinsic muscles (Fig. 1A). 
On the other hand, shaft fractures of the proximal phalanges tend to angulate apex palmarly 
secondary to pull of the intrinsic muscles proximally and extensor tendon distally (Fig. 1B).
A
B
Figure 1. A typical displacement 
pattern of A) metacarpal fractures 
is dorsal apex angulation and that 
of B) proximal phalangeal fractures 
palmar apex angulation.
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2.2 Internal fixation of metacarpal and phalangeal fractures
Metacarpal and phalangeal fractures are common, comprising approximately 17% of all frac-
tures [199]. Most of these fractures are stable and can be treated with a cast or splint. However, 
unstable fractures or complex hand injuries require internal skeletal fixation to restore optimal 
hand function. The internal fixation is commonly provided with metal implants, which are 
generally made of stainless steel, titanium or titanium alloys.
2.2.1 Biomechanical test methods
In most biomechanical studies regarding metacarpal and phalangeal fixation stabilities, 
denuded bone specimens have been used, although surrounding soft tissues contribute to the 
stability of system [124]. On the other hand, there are reference values for the biomechani-
cal stabilities of various fixation implants and biomaterials in such system. The specimens 
most utilised have been human cadaver metacarpal [13, 45, 104, 107, 124, 139-141, 202] and 
proximal phalangeal [14, 46, 50, 107, 140, 159, 204] bones, pig metacarpal bones [2, 105, 
106] and synthetic bones [22, 171]. Fresh frozen bone specimens [2, 106, 139-141] have been 
demonstrated to most closely maintain the mechanical properties of bone [192], but also 
various preservatives such as formaldehyde or ethanol [13, 14, 45, 46, 104, 124, 159, 202, 204] 
have been used to preserve bone specimens. The bone specimens should be kept in hydrated 
conditions, preferably in physiological saline to maintain the mechanical properties of bone 
[192].
Fracture models used in the biomechanical studies include transverse [2, 13, 22, 46, 50, 104-
106, 124, 139-141, 171, 202, 204], oblique [14, 45, 46, 105, 204] or spiral [107] osteotomy, 
and less frequently, standard techniques have been used to create a standardised fracture or 
comminution [159].
Figure 2. The biomechanical testing methods 
of bones include bending [A) three-point, B) 
four-point and C) cantilever bending], D) axial 
compression, E) distraction and F) torsion. 
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The testing methods of bone specimens include bending [2, 13, 14, 22, 45, 46, 50, 104-107, 
124, 139-141, 159, 171, 202, 204], torsion [13, 45, 46, 107, 139, 141, 159, 204], axial compres-
sion [45, 46, 159] and distraction [204] tests (Fig. 2). Three types of bending testing have been 
described: three-point bending [13, 14, 124, 139-141] four-point bending [2, 22, 45, 46, 104-
106, 159, 204] and cantilever bending [50, 107, 171, 202] (Fig. 2).
The relationship between the load applied to an object and the deformation in response to 
this load is called the load-deformation curve (Fig. 3). The load-deformation curve can be 
typically divided into two regions: the elastic deformation region and the plastic deforma-
tion region [192]. In the elastic deformation region, the deformation in the bone shows a 
linear increase, as load increases. The slope of the elastic region of the load-deformation curve 
represents the extrinsic stiffness or rigidity of the object. The elastic deformation and plastic 
deformation regions are separated by the yield point. Stress subjected in vivo in the speci-
men must be safely below the yield point, since above that point load applied to the speci-
men causes permanent damage to the shape and creates a potential for complications such as 
malunion or nonunion in fracture healing. In the plastic deformation region, the slope of the 
curve is reduced, but the load often continues to increase to the maximum point of the curve 
- the ultimate point. The breaking point at which the bone actually breaks is often the same 
value as the ultimate point.
Fatigue properties can be measured by applying cycling loading to the objects. In fatigue tests, 
the specimen is repetitively loaded, with loads within the elastic deformation region of the 
load-deformation curve, and the decrease of its mechanical properties over a certain period 
of time or number of cycles is recorded [45]. In the bone, the cause of fatigue failure is attrib-
uted to creep, or the accumulation of cracks in bone [192].
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 2.2.2 Biomechanical studies
The fixation stabilities provided by various techniques of metal internal fixation have been 
intensively studied in hand bones. Stable fixation is usually preferred in the hand to facilitate 
early ROM exercises. These decrease the hand stiffness, joint contractures, and tendon adhe-
sions associated with prolonged immobilization. However, there is experimental evidence 
that rigid fixation is not always the most desirable method with respect to fracture healing 
[181]. Furthermore, there is no data indicating exactly what is the minimal fixation rigidity 
required to achieve functional stability in the hand. Failure of the osteosynthesis usually leads 
to non-union or malunion.
Biomechanical studies on human denuded metacarpal and phalangeal bone specimens have 
shown that metal plate fixation with an interfragmentary screw is biomechanically superior 
to other fixation methods, including a plate alone, two interfragmentary lag screws, Kirschner 
wire fixation, or interosseous wiring [13, 14, 45]. For oblique and spiral osteotomies, screw 
fixation enhances fixation stability by using the lag screw technique to achieve interfragmen-
tary compression [14, 107].
After a transverse osteotomy, a dorsal plate fixation provided more rigidity than crossed 
Kirschner wires or a single interosseous wire with or without a Kirschner wire in torsion and 
in dorsal apex bending [13]. In palmar apex bending and corresponding cantilever bending 
direction, two crossed Kirschner wires, or a Kirschner wire combined with an interosseous 
wire provided rigidity similar to [13, 14, 202] or higher [50] than a dorsal plate alone. A dorsal 
plate alone is at a mechanical disadvantage in palmar apex bending, which isolates the plate 
and allows only the plate to support the load. The volar, rather than dorsal, placement of the 
plate allows the bone to share the mechanical load and thus increases the rigidity in palmar 
apex bending [105], but respectively decreases the stability in dorsal apex bending [140]. 
Three-dimensional plate design increases the rigidity of plate fixation [141, 171].
The stability of Kirschner wire fixation is dependent on the configurations and diameter of 
the Kirschner wires. For transverse osteotomies, crossed Kirschner wires provide the highest 
resistance to torsion and distraction [204], whereas crossed and longitudinal configura-
tions provided comparable stability against bending [204]. For oblique osteotomy, bending, 
torsion and distraction are best resisted by Kirschner wires placed perpendicular to the frac-
ture [204], whereas compressive loading is best resisted by wires placed perpendicular to the 
shaft. Therefore, using multiple Kirschner wires in different orientations is preferred [105, 
106, 204]. A supplementation of stainless-steel cerclage wire with Kirschner wires, a tech-
nique termed tension band wiring, provides additional stability and achieves compression at 
the fracture site [14, 202].
The fatigue performance of various metal fixation techniques has been studied by 
Firoozbakhsh et al. [45]. In cyclic loading, the plate and screw fixation had the highest 
fatigue stiffness in bending, torsion, and axial loading, followed by two interfragmentary 
lag screws, crossed Kirschner wires with tension bands, and intramedullary Kirschner wires 
after oblique osteotomy [45].
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2.2.3 Clinical results and problems related to metal fixation implants
The results vary as regards the post-operative outcomes after operative treatment of metacar-
pal and phalangeal fractures. Functional outcome is optimised when anatomic restoration 
and stable fixation are achieved; active ROM exercises can be initiated early in the post-opera-
tive period, and soft-tissue damage is minimised.
The Kirschner wire fixation is often preferred because of the relatively easy technique and the 
possibility for percutaneous introduction. In a retrospective consecutive case series of 22 met-
acarpal shaft fractures, multiple intramedullary Kirschner wires provided good results, but in 
two patients the Kirschner wires bent at the fracture site producing 20° angular deformities 
[44]. In a prospective study on 277 digital fractures, Pun et al. [142] reported in 1989 unsatis-
factory results with 109 unstable digital fractures treated with Kirschner wire fixation, most of 
which were associated with a soft-tissue injury. Only 30.3% of these operated digits achieved 
total active ROM ≥ 210°. The reported complication rate associated with the use of Kirschner 
wires has usually been 15-18% [20, 174]. The most common complications were pin tract 
infection, pin loosening, and loss of reduction. Rare complications included osteomyelitis, 
tendon impalement or rupture, nerve lesion, non-union, pin protrusion and migration [20, 
174]. The majority of the complications resolved following Kirschner wire removal without 
permanent sequelae [20, 174]. There have been reports of Kirschner wires migrating from the 
hand as far as the heart [55, 58]. Fractures with segmental bone loss or extensive comminu-
tion often cannot be treated effectively with Kirschner wires.
A randomised prospective study of 32 patients with an oblique proximal phalangeal shaft frac-
ture showed that percutaneous Kirschner wires and open lag screw fixation provided similar 
outcomes as regards union, functional recovery or residual deformity [67]. A retrospective 
case study of 50 metacarpal and 40 proximal phalangeal fractures reported better results with 
open screw fixation than with percutaneous Kirschner wire fixation [41]. This was explained 
by the fact that the screw fixation allows earlier mobilisation. In 32 patients with a fracture 
dislocation of the base of the thumb metacarpal (Bennett’s fracture) with a large fracture 
fragment, percutaneous transarticular Kirschner wire fixation and open reduction with a lag 
screw yielded similar clinical outcomes [99].
Following metal plate and screw fixation, several studies have demonstrated favourable recov-
ery of function in metacarpal and phalangeal fractures [17, 39, 48, 189]. Dabezies and Schutte 
[39] reviewed their series of 52 unstable metacarpal and phalangeal fractures without any 
significant soft-tissue injury and reported excellent results with average total active ROM 
ranging from 233° in the condylar group to 252° in the metacarpal group. In a retrospective 
series of 22 patients with 26 unstable metacarpal fractures treated with screws and plates, 
20 of the involved fingers achieved total active ROM ≥ 220°, but in 6 cases with an open, 
intra-articular or extensor tendon injury the movement was restricted [48]. In a retrospective 
consecutive series of 56 closed, extra-articular metacarpal and phalangeal fractures treated 
with titanium miniplates and screws, the patients achieved average total active ROM of 256° 
of the involved finger and all but one of the 44 patients fully regained their previous activity, 
and subjective impairment was totally absent in 39 of the patients [189].
After metal plate and screw fixation, less encouraging results have also been reported [31, 
125, 127, 143, 175]. Pun et al. [143] reported in 1991 unsatisfactory results with stainless-
steel plate and screw fixation in a prospective study of 52 unstable phalangeal fractures, most 
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of which were open or comminuted or associated with significant soft-tissue injury. The 
functional outcome was unsatisfactory since only 26.9% of the involved digits reached good 
results with a total active ROM ≥ 210°. The authors concluded that these results were similar 
to the comparator group from an earlier study by the same authors, in which Kirschner wire 
fixation was used in the same institute [142]. Stern et al. [175] reported complications in 16 of 
38 (42%) proximal phalangeal and metacarpal shaft fractures treated with stainless-steel plate 
fixation. Total active ROM ≥ 210° was achieved in 76% of all digits, but in only 5 of 9 (56%) 
phalangeal fractures. 
Through metallurgical advances, lower-profile plates made of titanium have become avail-
able. However, Page and Stern [127] could not demonstrate any improvement in the clinical 
outcomes or complication rates (57%) following low-profile titanium plate fixation of 105 
metacarpal and phalangeal fractures compared to results of earlier studies by Stern et al. [175] 
and Pun et al. [143]. In two more recent retrospective studies, major complications were reg-
istered in 32% of metacarpal [49] and in 52% of phalangeal [92] fractures following plate fixa-
tion. The use of minicondylar plate for unstable intra-articular and periarticular fractures of 
the phalanges and metacarpals resulted in complication rate of 57%, and 38% of the fractured 
fingers achieving total active ROM ≥ 221° [125]. The most common complications related to 
the use of metal plates have been stiffness, malunion or consolidation problems, but also plate 
loosening or breakage, plate prominence, infection and tendon rupture have been reported 
[31, 125, 127, 143, 175]. The plate fixation itself is not necessarily the prime determinant of 
the poor clinical outcomes, but rather the frequent use of plates, in particular in complex inju-
ries [31, 125, 127, 143, 175]. The unfavourable prognostic factors that have been reported to 
adversely affect the functional outcome are an open or comminuted fracture, intra-articular 
or periarticular involvement, multiple fractures and associated soft-tissue injury, particularly 
tendon injury [32, 125, 127, 142, 175]. The complications and poor outcomes are more fre-
quent for phalangeal than for metacarpal fractures [125, 127, 175, 189].
The metal fixation implants become unnecessary or even harmful after the consolidation of 
metacarpal and phalangeal fractures [20, 49, 125, 127, 174, 175] that typically occurs after 4 to 
7 weeks [212]. The disadvantage of metal plate fixation in the hand is that they may cause irri-
tation and adhesion of tendon and surrounding tissue [35], palpability, pain and disturbance 
of the function of a nearby joint. The high elastic modulus of metals causes stress shielding 
and bone loss beneath the applied plate, especially in weight-bearing bones [63, 126]. Metal 
implants cause signal interference with radiologic and magnetic resonance imaging. Growth 
aberrations can emerge as a result of the use of metal implants in children [6, 124]. In vivo 
corrosion and metal sensitivity have been reported as a potential disadvantage of the metal 
implants, especially of stainless-steel implants [60]. The advantages of titanium over stainless 
steel include decreased implant stiffness and increased biocompatibility [60].
A second intervention is often performed to remove metal implants in the hand. It implies 
additional surgical discomfort, risks, and associated sosio-economic costs [158]. Kirschner 
wires are often left in place only until consolidation [20]. In earlier series, as many as 25% of 
metal plates were removed in a secondary procedure [175], but the advances in plate profile 
and design, use of titanium and lateral placement of the implants to avoid the extensor mech-
anism have decreased the need for plate removal [49, 189].
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2.3 Small joint arthroplasty in the hand
2.3.1 Arthritic hands
The etiologies of the articular destructions of the finger joints include most often rheumatoid 
arthritis, osteoarthritis, and trauma. 
Rheumatoid arthritis is a chronic, systemic, autoimmune inflammatory disease of unknown 
etiology with a prevalence of approximately 1% [61]. Symmetrical involvement of the small 
joints of the hands is typical. It often leads to involvement along the entire kinetic chain from the 
wrist to the PIP joint, but the MCP joint is the most commonly involved joint, arthroplasty of 
which is an established procedure. The MCP joint involvement typically falls along a spectrum 
involving a progression of joint destruction and deformity. Typical deformities in MCP joints 
are volar subluxation and ulnar deviation. The factors that contribute to the development of an 
ulnar deviation include dislocation of the extensor tendons in an ulnar direction, exaggeration 
of the ulnar shift of the long flexors, pressure of the thumb against the fingers during lateral 
pinch, ulnar intrinsic pull, and carpal collapse associated with radial deviation of the metacar-
pals. Volar subluxation, with eventual dislocation of the MCP joints, may occur when the volar 
force of the flexor tendons, unopposed by the extensor tendons dislocated in an ulnar direction, 
acts on the attenuated capsular structures. Other characteristic deformities are hyperextension 
of the PIP joint with flexion of the DIP joint (swan-neck deformity), flexion of the PIP joint with 
hyperextension of the DIP joint (boutonnière deformity), and Z-shaped deformity of the thumb 
from volar subluxation of the first MCP joint and compensatory hyperextension of the IP joint. 
Muscle involvement may lead to contractures and weakness. Inflammation in and around the 
tendons may distend tendon sheaths and cause tendon ruptures.
Osteoarthritis is the most common form of arthritis. The exact etiology is unknown, but it 
leads to a disturbance of the normal balance of degradation and repair of articular cartilage and 
subchondral bone [61]. It occurs usually as a primary disorder, but can also occur secondarily 
to infection or trauma. A series of factors, such as age, sex, heredity, occupation, injuries, and 
the level of activities, are related to the development of hand osteoarthritis. The most commonly 
affected joints are DIP and CMC I joints, but other types including PIP, MCP, sesamoid, scapho-
trapezial-trapezoid and pisiform-triquetral osteoarthritis are seen. In joints with osteoarthritis, 
inflammation may be present; however, it is usually mild and may only involve the periarticular 
tissues. Secondary displacement and contracture are usually more limited than in rheumatoid 
arthritis. Radiological features are joint-space narrowing, osteophytes, subchondral sclerosis, 
bone cysts, deformation of bone heads, and cortical collapse [61].
2.3.2 Advances in small joint arthroplasty
Small joint arthroplasty is a major challenge in hand surgery. A variety of arthroplasty techniques 
have been developed in attempt to address this issue, with varying results. The currently-used 
arthroplasty methods include joint resection and the interposition of soft tissues or alloplastic 
material, and surface replacement prostheses. Vascularized toe joint transfer is used as an alter-
native form of treatment for reconstructing traumatic injury of finger joints and is indicated in a 
young patient to maintain the epiphyseal growth plate [173]. Joint fusion is considered an alterna-
tive salvage procedure to relieve pain and to create stability, but it leads to loss of joint motion.
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Resection arthroplasty techniques without and with interposition of soft-tissues [156], includ-
ing the extensor tendon [193, 194] or volar plate [156, 191] were pioneering inventions in small 
joint arthroplasty. In Vainio’s arthroplasty, the extensor tendon over the MCP joint is sectioned, 
and its distal end is interpositioned between the proximal phalanx and the resected metacar-
pal head and sutured to the volar plate; the proximal extensor stump is sutured over the distal 
stump [193, 194]. In volar plate arthroplasty described by Tupper [191] the volar plate is released 
proximally and brought over the metacarpal head excision, and sutured dorsally as an interposi-
tion material. The data on the results of the soft-tissue arthroplasty procedures for MCP joints 
varies. After Swanson silicone implants became available, the use of soft-tissue arthroplasties 
has become only occasional. However, there are no comparative studies showing their inferior-
ity compared to silicone implant arthroplasty. Tendon interposition with or without ligament 
reconstruction after partial or complete trapezium excision is commonly used to alleviate pain 
in thumb basal joint osteoarthritis [183], although some surgeons prefer a temporary Kirschner 
wire fixation instead of tendon interposition to distract and maintain the arthroplasty space and 
to allow fibrous tissue invasion [56].
Since Swanson presented his concept of silicone implant arthroplasty in the mid 1960s, the use 
of flexible silicone implants for deformity and destruction of MCP joints in rheumatoid arthritis 
has been studied extensively and the method has become well accepted [33, 96]. Encouraged 
by success of silicone implants in the MCP joints, similar hinge silicone implants were also 
developed to reconstruct radiocarpal and PIP joints, with less favourable results [81, 179]. The 
silicone implants to resurface the radial head or the base of the thumb metacarpal, or to replace 
scaphoid, trapezium and lunate have also been used in the past but their use is currently sparse 
because of high rate of failures and problems with silicone wear, synovitis and osteolysis [28, 
81]. During the last decades a number of biological [10, 190] and alloplastic materials such as 
ceramics [7], pyrolytic carbon, Gelfoam [123], expanded polytetrafluoroethylene [119], poly-
propylene [119], and polyurethane [172] have been used as an interposition material in small 
joint arthroplasty, but none of the large number of procedures is completely satisfactory and 
some cause major complications [7, 10, 119].
A large number of different designs of constrained implants have been developed for small 
joint replacement arthroplasty. The first MCP prostheses were metal hinges [9, 96], followed 
by various types of cemented or non-cemented constrained implants with metal and polymeric 
components [9, 96], but a high incidence of complications such as implant breakage, loosening, 
recurrence of deformity, progressive loss of mobility, bone erosion, deposition of debris and 
perforation through the cortex were reported [9, 96].
Most recently, surface replacement MCP and PIP prostheses with separate proximal and distal 
components (for insertion with or without cement), which come into contact to form bearing 
surfaces, have become available [96]. These prostheses simulate normal joint kinematics. They are 
now increasingly performed and may be adequate for implantation in patients without inflam-
matory disease or with less advanced rheumatoid disease. A wide variety of biomaterials have 
been utilised, including cobalt-chrome alloys, stainless steel, titanium, titanium alloys, ceram-
ics, ultra-high molecular weight polyethylene and more recently pyrolytic carbon [23, 36, 96, 
173]. However, none of the surface replacement designs has shown consistently successful clini-
cal results and become widely accepted. There are several reasons why transferring the successful 
large joint arthoroplasty technology to the hand joints is difficult. The small joints of the hand are 
anatomically precise and delicate joints, and function within a very narrow tolerance of friction 
and mechanical balance of bone and soft-tissue forces. The stabilising soft tissues and ligaments, 
which are necessary for surface replacement prostheses, are often destroyed in late-stage rheu-
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matoid arthritis. Positive long-term results with pyrolytic carbon surface replacement MCP pros-
theses have been reported in 26 mostly rheumatoid patients with little deformity and subluxation 
[36]. However, early data suggest that pyrolytic carbon surface replacement arthroplasty does not 
demonstrate superiority over silicone implant arthroplasty in osteoarthritic and post-traumatic 
patients [23, 173]. This surface replacement concept has been applied also for arthroplasty of the 
basal joint of the thumb, but high complication rates have been reported [96, 215].
2.3.3 Silicone implant arthroplasty in metacarpophalangeal joints
Silicone is a chemically-inert polymer of dimethylsiloxane that can be prepared as a liquid, gel 
or elastomer [220]. The Swanson silicone MCP implant is a one-piece silicone rubber implant 
with a double stem inserted into the opposing diaphyses, and a rectangular body between 
them in the middle. The body of the implant acts as a dynamic joint spacer between the 
bone ends, providing strength and flexibility. The stems of the implants are allowed to act like 
pistons within the intramedullary canals of metacarpal and proximal phalanx during move-
ments of the joint, which is thought to spread the stresses over a greater implant area and thus 
to make the implant more durable. The implant induces fibrous tissue formation around it, a 
reaction that has been termed “encapsulation” [177]. The fibrous capsule undergoes functional 
adaptation and is oriented during a period of early motion [177]. Once a sufficient amount of 
fibrous capsule has formed around the implant, its integrity is of decreasing importance.
A number of studies with Swanson silicone implant arthroplasty have shown satisfactory 
results in the short to intermediate term in patients with rheumatoid arthritis in terms of pain 
relief and increased ROM [33, 53]. The reported active ROM values after silicone MCP joint 
arthroplasty are usually 40-50° [33, 53, 173]. The passive motion is typically greater but is not 
recorded in most clinical studies. The immediate post-operative ulnar deviation is usually cor-
rected to less than 5° [33, 53]. However, the outcomes tend to worsen with long-term follow-up, 
regarding joint stiffening and recurrence of deformity [33, 53]. The complications encountered 
with silicone implants are breakage, fragmentation and wear of the implant, subsidence, bone 
changes (bone-shortening, erosion) and less frequently infection [9, 33, 47, 53, 188].
The rates of complication and breakage of Swanson implants vary considerably in the litera-
ture. In long-term follow-up, two-thirds of the implants have been reported to have broken [53, 
188]. The loss of silicone implant integrity does not necessarily result in loss of joint function 
as regards ROM and hand function measures [53, 177]. However, recurrent ulnar deviation 
[53, 188] and osteolysis [130] have been related to silicone implant breakage. The pistoning 
movement of the Swanson implant releases silicone particles. This may cause osteolysis around 
the implant and, less frequently, silicone-induced particle synovitis [47, 53, 81, 188] or lym-
phadenopathy [47]. The loss of bone stock may be an enormous challenge in revision arthro-
plasty. Due to these limitations, silicone elastomer implants have usually been used only for 
rheumatoid arthroplasty and they are not recommended in osteoarthritis or after trauma.
Based on the concept of Swanson, modifications of flexible silicone MCP implant designs, such 
as Avanta (formerly Sutter) with more anatomical centre of rotation, have been introduced 
without significantly better clinical outcomes [116, 129]. Modifications of silicone implants 
with titanium grommets [9, 167, 188], Dacron reinforcement [40] or osseointegrable titanium 
fixtures [115] have not shown improved results. The results of the silicone implant arthroplasty 
are far from normal and far from ideal. Need for implants with improved biocompatibility and 
prolonged life in service in small joint artroplasty is evident [53, 131, 173].
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2.4 Bioabsorbable materials
Exploration of the use of synthetic bioabsorbable polymers in medicine started in the 1960s 
[6, 158, 216, 219]. Early clinical applications of the polymers in this family were for sutures, 
but later implants for internal bone fixation were also developed. The bioabsorbable polymers 
have been applied for controlled release of drugs and proteins, and developed also in the 
forms of porous scaffolds for tissue engineering [79, 221].
The most widely used synthetic bioabsorbable polymers in surgery are aliphatic polyesters of 
α-hydroxy acid derivates, especially polyglycolide (polyglycolic acid, PGA) and polylactide 
(polylactic acid, PLA) and their co-polymers. However, a variety of synthetic polymers have 
been studied including polycaprolactone, polydioxanone (PDS) and polytrimethylene car-
bonate (PTMC). A segmented block co-polymer of polyethylene oxide (PEO) and polybuty-
lene terephtalate (PBT) is one of the recent bioabsorbable polymers being under research.
2.4.1 Polyglycolide (PGA), polylactide (PLA) and their co-polymers
Polyglycolide or polyglycolic acid (PGA) (Fig. 4) of a high molecular weight is a hard, tough, 
highly crystalline polymer synthesised by ring-opening polymerisation from the glycolide, a 
cyclic diester of glycolic acid [79]. The first bioabsorbable synthetic polymer used clinically, 
in the form of sutures, was made of PGA [219]. A clinical limitation of PGA implant in bone 
fixation is the rapid degradation rate that may not always allow complete bone healing and 
may cause adverse tissue reactions [19, 135, 216, 219]. Self-reinforced (SR) PGA implants 
lose all mechanical strength in vivo within 4-7 weeks [203] and completely vanish in the 
cancellous bone of rabbits within 36 weeks [128]. Pure PGA implants are no longer used in 
osteosynthesis.
Polylactide or polylactic acid (PLA) (Fig. 4) of a high molecular weight is a polymer, synthe-
sised by ring-opening polymerisation from cyclic diesters of lactic acid. Compared with PGA, 
PLA is more hydrophobic and has a slower degradation rate. Due to the chiral nature of lactic 
acid, it exists in two stereoisomeric forms, L- and D- lactic acid. Accordingly, the cyclic diester 
of lactic acid, lactide, occurs in three forms, namely L- (actually LL-), D- (actually DD-) and 
DL- lactide.
Poly-L-lactide (PLLA) is a partially crystalline polymer. The crystallinity and hydrophobicity 
make PLLA resistant to hydrolysis and degradation. The bending strength of SR-PLLA rods 
decreases to the level of cancellous bone in 36 weeks in vivo [100], but complete strength loss 
does not occur until 2 years in vitro [187]. The total loss of PLLA implant mass takes several 
years so that the remnants of SR-PLLA plates can been detected as long as 5 years after fixa-
tion of mandibular body osteotomies in sheep [176].
Figure 4. Chemical structure of A) polyglycolide and B) polylactide.
A B
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The polymerisation of a mixture L-, D- and DL-lactides leads to the synthesis of poly-D/L-
lactides. Their strength and degradation rate depend on the relative amounts of L- and D-
monomers in the polymer chain. Because of decreased crystallinity, the stereoco-polymers 
have lower strength and they are more susceptible to hydrolysis than pure PLLA. SR-P(L/
DL)LA 70/30 is practically completely amorphous due to the high D-content in the polymer 
structure. The bending strength of the SR-P(L/DL)LA 70/30 pins started to decrease signifi-
cantly after 18 weeks in vitro, losing all strength within 48 weeks [187]. In vivo the strength 
retention of SR-P(L/DL)LA 70/30 pins was longer in the rat subcutis, since about 40% of the 
initial bending and shear strengths were remaining at one year [73]. The complete absorption 
time of SR-P(L/DL)LA 70/30 is unclear, but it is estimated to occur in vivo in 2–3 years.
By co-polymerising L-lactide and glycolide, PLGA co-polymers with a variety of physico-
chemical properties can be obtained depending on their compositional ratios. The relation-
ship between the co-polymer composition and the mechanical and degradation properties of 
the corresponding co-polymers is not, however, linear [112]. The SR-PLGA 80/20 co-polymer 
has substantially amorphous structure and the strength properties of pins decrease signifi-
cantly after 6 weeks in vitro [138] and in vivo [101]. After 1.5 years some PLGA remnants were 
seen intracellularly in microscopic examination in rabbit cranial bone [182].
2.4.2 Mechanical properties and fabrication of implants
PGA and PLA exhibit the highest mechanical properties of all synthetic bioabsorbable poly-
mers. However, implants manufactured from PGA, PLA or their co-polymers using the tra-
ditional melt-moulding techniques (such as extrusion and injection moulding) exhibit only 
modest mechanical properties. The values reported for strength are usually 40-140 MPa and 
for elastic modulus typically 2-5 GPa [187]. These values are lower than those of cortical 
bone, for which bending and shear strength values of 180-195 MPa and 68 MPa respectively, 
and elastic modulus of 6-20 GPa have been measured [155, 184].
Mechanical improvement of bioabsorbable implants was achieved when the self-reinforced 
(SR) manufacturing technique was invented [185, 187]. It significantly increases the strength, 
ductility and elastic modulus of bioabsorbable polymers. This involves the formation of a 
composite structure made of polymeric material comprised of oriented reinforcing units and 
a binding matrix, with both the matrix and reinforcing elements having the same chemical 
structure. A high degree of similar molecular orientation makes SR implants stiff and strong in 
the direction of their long axis. The most effective SR method is to die-draw the melt-moulded 
polymer sample into a partially-oriented form at controlled temperatures above the glass tran-
sition temperature of the polymer [187]. For SR-PLLA pins, an initial bending strength of 300 
MPa and a shear strength of 220 MPa have been reported [185]. The bending strength values 
for SR-P(L/DL)LA 70/30 and SR-PLGA 80/20 pins have been reported to be 214 MPa [73] and 
226 MPa [138], respectively. The initial shear strength values of 121 MPa [73] and 115 MPa 
[138] have been reported for these SR co-polymers, respectively. The elastic modulus of SR pins 
is 6-10 GPa [73, 138, 185, 187], being close to that of cortical bone. Due to increased ductility, 
the self-reinforcement enables molding of the bioabsorbable plates at room temperature.
A number of fabrication technologies have been developed to process bioabsorbable poly-
mers into tissue engineering scaffolds [79, 221]. These techniques include textile technologies, 
solvent casting and particulate leaching, gas foaming, freeze-drying, compression moulding, 
phase separation and rapid prototyping (solid free fabrication) [79, 221].
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2.4.3 Degradation, absorption and biocompatibility
The degradation of PLA, PGA and their co-polymers occurs by non-specific hydrolysis in an 
aqueous environment. First, water diffuses into the material. Hydrolytic scission of polymer 
chains occurs first in the amorphous regions of the polymer after which it continues on the 
crystalline domains. This leads to a fall in molecular weight and strength properties and to 
implant fragmentation. Eventually, during the last phase of degradation, the mass of the 
polymer disappears. Polymer fragments are hydrolyzed into smaller and smaller fragments 
and finally to its monomer glycolic and lactic acid, which are further metabolised in the citric 
acid cycle to carbon dioxide and water. A part of the glycolic acid is also excreted by urine. 
(Fig. 5).
The loss of strength and degradation of bioabsorbable polymers in vivo depends on micro-
structural (chemical composition and structure, molecular weight and molecular weight 
distribution, crystallinity vs. amorphous composition, hydrophilicity vs. hydrophobicity, 
molecular orientation, porosity, purity, surface quality) and macrostructural (size and geom-
etry of the implant, weight/surface area ratio) factors, as well as environmental factors such 
as storage conditions and implantation site (cancellous/cortical bone, vascularity, mechani-
cal stress) [79, 187, 203]. The degradation rate is generally more rapid for polymers with 
lower molecular weight, with a more hydrophilic and amorphous structure. The degradation 
process is enhanced in vivo and enzymes are supposed to play a role in the degradation [6].
The degradation and resorption process of bioabsorbable implants elicits a localised inflam-
matory reaction characterised by an invasion of macrophages, foreign-body giant cells, and 
neutrophilic polymorphonuclear leukocytes [19]. This was considered to represent an inher-
ent biologic tissue response, as occurs with every implanted material [19]. Macrophages and 
foreign-body giant cells are responsible for the ultimate digestion of the polymeric debris 
[128]. Proliferating fibroblasts produce collagen around the polymer material leading to the 
formation of a fibrous capsule [82-84, 93].
The biocompatibility of bioabsorbable poly-α-hydroxy-acid implants is strongly influenced 
by the degradation behavior of the polymer used. They are generally well-tolerated by living 
tissues. However, sometimes adverse tissue reactions have been reported to have manifested, 
especially if using pure PGA implants [19]. The clinical characteristics of the adverse tissue 
reaction vary from local swelling to a painful, erythematous, fluctuant nodule, or in some 
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instances fluid accumulation or sterile sinus track at the implant site [19]. Radiographs 
obtained at the time of this manifestation may show osteolytic lesions with cystic extensions 
of implant track [19]. Histologically, there is an increased inflammatory foreign-body reac-
tion composed mainly of neutrophilic polymorphonuclear leukocytes and foreign-body giant 
cells phagocytising the polymer debris with adjacent bone resorption [18]. The adverse tissue 
reaction is transient and typically occurs during the second phase of the degradation process 
of the implants when the mass of the polymer is disappearing [19]. This reaction has not been 
found to disturb the bony consolidation [19, 158]. In an attempt to determine any possible 
immunologic component in these foreign-body reactions, PGA was found to be an immu-
nologically-inert implant material in cytological and immunological studies [165]. However, 
some studies suggest that degradation of PLA and PGA may activate complement system [30, 
180].
The clinically-manifested adverse tissue reactions are seen most frequently with implants 
made of pure PGA, the incidence varying from 2.0 to 46.7% in the orthopaedic literature 
[19]. It is likely to result from rapid degradation of the PGA and subsequent increasing 
number of hydrolysed polymeric debris that exceed the clearance capacity of the surround-
ing tissue [135]. It has also been suggested that the degradation may lead to an increased 
osmotic pressure and local pH drop at the implant site [19]. Increased risk of manifestation 
of adverse tissue reactions has been documented to be related to use of a quinone dye as an 
additive in the PGA polymer, implant geometry with large surface area and implantation site 
with poor vascularisation such as scaphoid [19, 135]. During the last decade, the pure PGA 
implants have been set aside to give way for newer implant polymers with significantly better 
biocompatibility.
The incidence of clinically-manifested adverse tissue reaction is generally low for implants 
made of PLA [19]. The biocompatibility of SR-PLLA implants with molecular weights of 
45,000–65,000 Da has been documented in numerous clinical [1, 6, 19, 75, 76, 89, 137, 158, 
205, 213, 214, 219] and experimental [103, 133, 134, 206-209] studies. Occasionally, a tem-
porary sterile discharge without clinical signs of inflammation can be observed in x-rays 
post-operatively [1]. No clinically-manifested adverse tissue reactions have been recorded in 
craniomaxillofacial patients with SR-PLLA implants [6], and only one such case was recorded 
among 491 orthopaedic patients [19]. However, the use of PLLA with very high molecular 
weight up to 106 Da, such as in the materials used by Bergsma et al., resulted in subcutaneous 
swelling at the ankle fracture operation site in all patients, 3-5 years post-operatively [11]. The 
problem with these specially-prepared, bulky PLLA implants was thought to be that due to 
the high molecular weight, partially-crystalline PLLA disintegrates into polymer fragments 
with high crystallinity. These, hydrolytically relatively stable, particles may trigger phagocyto-
sis and therefore provoke a prolonged inflammation and foreign-body reaction [219].
The use of SR-P(L/DL)LA 70/30 and SR-PLGA 80/20 co-polymer implants with substantially 
amorphous structures has reduced the intensity of the inflammatory reaction, and they have 
been reported to have good biocompatibility [6, 219]. In experimental in vivo studies, SR-
PLGA 80/20 and SR-P(L/DL)LA 70/30 co-polymer implants have been documented to histo-
logically evoke only a mild inflammatory reaction [73, 145, 182], and no clinically-manifested 
adverse tissue reactions have been reported in clinical studies, to the best of our knowledge 
[6, 219].
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2.4.4 Bioabsorbable implants in bone surgery with special reference to hands
Bioabsorbable fixation implants have gained popularity and are strengthening their position 
in bone surgery. They are available for stabilisation of fractures, osteotomies, bone grafts and 
fusions particularly in cancellous bones, as well as for reattachment of ligaments, tendons, 
meniscal tears and other soft tissue structures [137, 158, 219]. In the upper extremity, bioab-
sorbable pins have been popularised in radial head fractures [62, 137, 219], but implants have 
also been used successfully in the fixation of distal humeral fractures [66, 102, 132], distal 
radial fractures [29, 51], and for a radioulnar joint fusion in Sauvé-Kapandji procedure [121]. 
In craniomaxillofacial surgery, especially in pediatric craniofacial operations, P(L/DL)LA 
and PLGA miniplating systems have been popularised [6, 219].
The overall results in clinical use of SR-PLLA and PLA co-polymeric osteofixation implants 
have been favourable [6, 158, 219]. Most of the studies are, however, retrospective or case 
series reviews. Regarding the fixation of bone segments in bone surgery only a few (ran-
domised) controlled clinical studies are available which investigate the benefits of bioabsorb-
able osteofixation over conventional treatment methods.
Experimental in vivo studies
Experimental studies have been carried out intensively with bioabsorbable implants in bone. 
The properties of SR-PLLA, SR-P(L/DL)LA 70/30 and SR-PLGA 80/20 pins and screws have 
been shown to be suitable for the fixation of small fragments of cancellous bone [73, 101, 145, 
206, 208, 209]. Viljanen et al. [209] fixed transcondylar osteotomies of rat distal femurs with 
either a SR-PLLA pin or a Kirschner wire. Both implants appeared to have suitable proper-
ties for the fixation of small cancellous bone fragments, but new bone formation was more 
vigorous at the osteotomy site in the SR-PLLA group. Both implants caused similar mild 
foreign-body reactions during the 48-week observation. Viljanen et al. [206] also noted that a 
decrease in cortical bone density in rabbits was avoided when distal femoral osteotomies were 
fixed with SR-PLLA screws rather than metal screws.
SR-PLLA and SR-P(L/D)LA 96/4 rods were strong enough to be used as intramedullary nails 
for femoral shaft osteotomies in rabbits, and resulted in good bone healing and biocompat-
ibility [103, 162, 207]. Compared with metal intramedullary rods, SR-PLLA rods seemed 
to have only a minor stress-shielding effect [207]. SR-P(L/DL)LA 70/30 and metal screws 
were applied in the fixation of mandibular body osteotomies in sheep [77]. In both groups 
all osteotomies consolidated at similar rate and no adverse tissue reactions were seen during 
24-week observation. Consolidation of 2.5 mm-wide sheep craniotomy lines has been shown 
to proceed more effectively under a wide SR-PLLA plate than under a narrow titanium plate 
[133]. The SR-PLLA plate was surrounded by a dense connective tissue and no signs of signif-
icant inflammatory reactions occurred during the two-year follow-up. In frontal bone crani-
otomies in growing sheep, the absorption of a punched P(L/D)LA 96/4 plate was complete 
at two years, the bone surface being smooth and covered with dense connective tissue [134]. 
The suitability of a PLGA sheet as a separating agent between extensor tendon and metacar-
pal bone after controlled trauma in monkeys has been studied [38]. The sheet degraded in 50 
days, and the tissue reaction was minimal. Extensor tendon mobility was attained quickly and 
was better than in control hands without implants. The PLGA sheet prevented the develop-
ment of fibrosis and adhesions between the traumatised tendon and subjacent bone.
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Biomechanical studies
The fixation stabilities provided by bioabsorbable implants intended for use in the hand oste-
osynthesis have been studied earlier. In a biomechanical study by Fitoussi et al. [46], 1.5 mm 
SR-PGA pins coated with PDS provided comparable rigidity to 1.5 mm Kirschner wires for 
transverse and oblique human proximal phalangeal osteotomies in bending and axial loading, 
but the torsional rigidity provided by these SR pins was very weak. Maruyama et al. [104] 
reported more limited results with two crossed 1.5 mm SR-PGA pins, which provided 61% of 
the bending strength provided by 1.2 mm Kirschner wires in transverse human metacarpal 
osteotomies.
The pullout strength of SR-PLLA pin was higher than that of Kirschner wires in bovine femur 
[160]. In contrast, titanium screws presented higher torque strength and interfragmentary 
compression compared with bioabsorbable screws [26, 169]. When two parallel SR pins com-
bined with bioabsorbable suture were compared with two parallel Kirschner wires and metal 
tension band fixation in a rabbit knee fusion model, the bending tests did not show any sta-
tistical difference [117].
Bozic et al. [22] studied the biomechanics of 6-hole non-reinforced P(L/DL)LA 70/30 plate 
(thickness 1.5 mm, length 39 mm, width 9.0 mm; written communication, Bozic KJ 2001) 
and 2.5 mm screws in a synthetic metacarpal bone model and reported that the 6-hole tita-
nium plate and 2.0 mm screws provided over 2.5 times higher stiffness and failure load in 
dorsal apex bending. Prevel et al. [139] studied the biomechanical characteristics of non-SR 
PLGA (Lactosorb®) plates in the fixation of transverse metacarpal osteotomies, but the com-
parative analysis to titanium platings [141] can not be considered valid in that study [218]. 
Of seven currently commercially available bioabsorbable PLA co-polymeric plate-and-screw 
systems, SR-P(L/DL)LA 70/30 (BioSorb™ FX) implants provided the strongest and stiffest fix-
ation when polymethylmethacrylate blocks simulating bone segments were fixed and tested 
in tensile, bending and torsion tests [25]. Titanium plate and screws, however, proved to be 
the most superior [25].
Alexander et al. [2] developed an intramedullary PLLA-carbon fibre composite device for 
phalageal fracture fixation, and reported that in pig metacarpals there was higher bending 
rigidity and maximum bending moment than obtained using two crossed Kirschner wires. 
Furthermore, non-SR P(L/D)LA 95/5 intramedullary rods (Ø 3 mm) provided similar rigid-
ity to that obtained using two longitudinal crossed 1.1 mm Kirschner wires in bending, com-
pression and torsion tests in a comminuted phalangeal fracture model [159]. By combining 
interlocking Kirschner wires with the P(L/D)LA 95/5 rods, torsional rigidity was further 
increased.
In the fixation of cadaver scapholunate and lunotriquetral intercarpal joints, two parallel 
non-SR PDS pins (1.3 mm) provided an average of 46% of the fixation stiffness of Kirschner 
wire (1.1 mm) fixation for the treatment of wrist ligament injuries [144]. In an experimental 
scapholunate dissociation, application of a dorsal P(L/D)LA plate stabilised the scaphoid and 
lunate and restored their kinematics for 1,000 cycles of motion [170]. In the smallest and 
most osteoporotic cadavers, however, the failure of fixation was noticed partly due to techni-
cal problems.
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Clinical studies in the hand
In the field of clinical hand surgery, reports on the use of bioabsorbable osteofixation implants 
are increasing in number (Table 1). Various authors have reported the use of bioabsorbable 
implants for fixation of metacarpal and phalageal fractures and osteotomies [4, 24, 43, 52, 
57, 59, 68, 69, 72, 87, 90, 91, 97, 111, 136, 137, 161, 201, 223, 225], for scaphoid fractures 
and non-union [1, 89, 98, 108, 135, 136, 146, 225], and for arthrodeses of IP, thumb MCP, 
CMC I [4, 5, 72, 75, 110, 210, 211, 223], and wrist joints [75, 213, 214] (Table 1). In a pro-
spective randomised study with 23 patients, non-SR PDS pins (OrthoSorb®) were compared 
with Kirschner wires in the fixation of metacarpal and phalangeal fractures, osteotomies 
and arthrodeses [72]. No differences were seen in outcomes with respect to time to union 
and complications, but additional procedures were needed more often in the Kirschner wire 
group (Table 1).
The implants used for hand osteosynthesis thus far have been mostly pins and rods made 
of PGA, PDS or PLLA. Cases of clinically-manifested adverse tissue reactions have been 
reported, most of which have been related to older generation implants made of pure PGA. 
In recent years, mostly PLLA, PLGA and P(L/D)LA implants have been used and have shown 
good biocompatibility [1, 4, 5, 43, 89, 97, 213, 214]. A few cases of transient mild osteolysis in 
x-rays or soft-tissue swelling have been reported without disturbing bone healing [1, 4, 5, 43, 
52, 68]. Recently, non-SR PLGA 82/18 (LactoSorb®) [43, 97] and PLLA/PDLA/PGA/PTMC 
co-polymeric [52] plate systems were introduced clinically for the fixation of unstable meta-
carpal fractures.
A variety of bioabsorbable implants are available for attaching soft tissue structures to bone 
[8, 27, 219]. Originally designed to reattach the labrum to the glenoid in the shoulder surgery 
[8, 27], suture anchors are also used for reattachment of ligaments, tendons and capsule-liga-
mentous structures in the hand. Recently, bioabsorbable suture anchors have also become 
available for hand applications, but clinical reports on their use are missing. For the reinser-
tion of total rupture of the ulnar collateral ligament of the MCP joint in the thumb, success-
ful results have been reported on using a SR-PLLA tack [76, 205] (Table 1). For the repair of 
triangular fibrocartilage complex tears, the all-inside arthroscopic use of bioabsorbable clips 
has been described [15, 16].
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2.4.5 Bioabsorbable joint scaffold arthroplasty
The bioabsorbable joint scaffold arthroplasty is a clinically-introduced concept in the recon-
struction of small joints of the rheumatoid and osteoarthritic hands [79, 186]. The first clini-
cal study for the reconstruction of MCP joints was performed using scaffolds folded of Vicryl® 
(co-polymer of 90% PGA and 10% PLLA) or Ethisorb® (made of PDS and the co-polymer of 
90% PGA and 10% PLLA) fleeces [94]. The complete degradation of these fleeces turned out 
to be too rapid, leading to sinus formation and a premature collapse of the arthroplasty space 
in some patients [94].
Since 1997, the bioabsorbable joint scaffolds have been made of P(L/D)LA 96/4. In vitro, the 
half-life of the tensile strength of P(L/D)LA 96/4 filament is approximately 13 weeks (Fig. 6) 
[64]. The complete absorption time of P(L/D)LA 96/4 scaffolds is unclear.
The mean porosity of P(L/D)LA 96/4 scaffolds has been reported to be 69-79% varying 
according to the size of the scaffold [120]. In vitro compression testing along the axis of the 
scaffold disclosed a compression modulus, which should be able to withstand in vivo stresses 
and loading in the MCP joints of the human hand [120]. With the compression force of 80 N 
the P(L/D)LA 96/4 scaffolds showed mean relative compression of 47-22% depending on the 
size of the scaffold [120]. The histology of the P(L/D)LA 96/4  joint scaffold arthroplasty was 
unknown before the current thesis.
Preliminary clinical results have been reported on the use of P(L/D)LA 96/4 joint scaffolds 
for the reconstruction of MCP joints in rheumatoid arthritis patients. Honkanen et al. [64] 
reported a prospective study on 80 MCP joint arthroplasties with P(L/D)LA 96/4 scaffolds in 
23 rheumatoid patients (40% of the patients represented revisions of failed silicone implant 
arthroplasties with bone defects). The follow-up of 15 patients exceeded one year, and they 
demonstrated good pain alleviation, decrease of ulnar deviation from pre-operative 26° to 
6°, extension deficit from 29° to 18° and active flexion from 75° to 69°. Volar subluxation 
exceeded half of the bone thickness in 6% of the joints, whereas pre-operative it was observed 
in 56% of joints. Recently, the same 23 patient cohort was re-analysed and after an average of 
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Figure 6. Tensile strength of P(L/D)LA 96/4 4-ply 
multifilament in vitro (Reprinted, with permission [64]).
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4.9 year follow-up, volar subluxation was seen in 11% of joints, whereas the mean ulnar devia-
tion was 5°, extension deficit 15° and active flexion 63° [65]. The authors concluded that the 
good primary result in the correction of deformities did not disappear upon complete degra-
dation of the scaffold. The results were comparable with published data on silicone implant 
arthroplasties without risk for implant fracture and without any significant periprosthetic 
osteolysis. As an advantage, the use of the P(L/D)LA 96/4 joint scaffold enabled intramedul-
lary bone grafting in revision arthroplasties. In a prospective follow-up study of 21 patients 
with 52 failed silicone implant MCP arthroplasties and severe osteolysis and soft-tissue defi-
ciencies, the P(L/D)LA joint scaffolds showed promising clinical and radiological results one 
year after the revision operation with intramedullary bone packing [70]. The active ROM, 
ulnar deviation and recurrent volar subluxation were greater in this follow-up than in the 
study by Honkanen et al. [64].
A randomised multi-centre trial comparing silicone implant MCP arthroplasty with P(L/
D)LA 96/4 implant MCP arthroplasty is in progress. Another multi-center study is investi-
gating the use of P(L/D)LA 96/4 joint scaffolds in other small joint arthroplasties including 
CMC I, PIP and metatarsophalangeal joints. A similar concept of biodegradable T-shaped 
woven spacer (Artelon®) made of polyurethaneurea fibres has been applied in the treatment 
of CMC I osteoarthritis [122]. In a prospective study, ten patients with partial trapezium 
resection and a polyurethaneurea spacer showed significantly better pinch strength than five 
patients with abductor pollicis longus tendon arthroplasty after 3 years’ follow-up [122].
2.4.6 Co-polymer of PEO/PBT (Polyactive®)
A segmented block co-polymer of polyethylene oxide (PEO) and polybutylene terephtalate 
(PBT) (commonly known with Polyactive® trade name) is one of the recently introduced 
bioabsorbable polymers (Fig. 7). It has been under intensive investigations in orthopaedic 
surgery and tissue engineering applications, such as for bone substitute and for bone and 
cartilage tissue engineering [34, 114, 118].
By varying the PEO/PBT ratio and using PEO of different molecular weight, co-polymers 
with a variety of mechanical, physicochemical and biological properties can be obtained 
[195]. The hydrophilic PEO segment is soft and amorphous (Fig. 7A). The hydrophobic PBT 
segment shows harder, crystalline properties (Fig. 7B). By increasing the content and the 
molecular weight of PEO segment in the co-polymer structure, the polymer becomes more 
elastomeric [164], more rapidly degradable [151, 164], and more hydrogel-like, i.e. it swells 
in an aqueous environment [195]. The mechanism of degradation has not been completely 
resolved but hydrolysis seems to play an important role in it [154].
Figure 7.  Chemical structure of a A) polyethylene oxide (PEO) segment, and B) polybutylene 
terephtalate (PBT) segment of the PEO/PBT co-polymer.
A B
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In in vivo experimental studies, the PEO/PBT co-polymer has shown osteoconductive and 
bone-bonding properties, if the PEO content is 55 mol-% or higher [21, 88, 109, 149-151, 153, 
163, 196, 197]. Its mechanism is not fully clarified, but the calcification of the polymer surface 
is considered to be crucial [95, 147, 149, 195]. The calcium phosphate crystals are believed 
to be formed through electrostatic forces and hydrogen bonds around carboxyl groups, pro-
duced from PEO segments during the hydrolysis of the co-polymer [95, 148]. The calcifica-
tion also continues into the surrounding bone, forming a crystal continuity at the interface 
[195]. The co-polymers with the higher PEO content and PEO molecular weight show higher 
calcification and stronger bone-bonding properties [149, 152, 153, 195-197]. The hydrogel-
like property of the co-polymer is also considered an important factor in creating a strong 
interface bond between polymer and bone, creating the claimed good osteoconductivity [149, 
150, 152, 153, 163, 195]. In a histological study on goats, dry press-fit inserted PEO55PBT45 
implants with a PBT content of 45 mol-% showed good implant-bone contact during 25 
weeks follow-up, whereas similar wet, fully pre-swollen implants were all encapsulated by a 
thin layer of fibrous tissue interposed between the bone and implant [163]. In in vitro studies, 
the swelling pressures generated by PEO/PBT co-polymers in the surrounding bone reached 
over 2 MPa [163, 195].
The Polyactive® 1000PEO70PBT30 co-polymer with a PBT content of 30 mol-% and an 
initial PEO segment length of 1000 Da is initially highly elastomeric [78, 164]. However, its 
mechanical properties decrease rapidly in an aqueous environment due to the high swell-
ing typical for hydrogels and later also due to degradation [78]. The initial shear strength 
of the gamma-sterilised Polyactive® 1000PEO70PBT30 was 7.0 MPa, but more than 50% of 
the initial strength was lost in a week in hydrolytic conditions in vitro [78]. Respectively, the 
diameter of the stems increased by 20% due to swelling [78].
The osteoconductive and bone bonding properties of Polyactive® 1000PEO70PBT30 com-
position have been documented in several in vivo studies with various animal models [88, 
149-151]. In a distal diaphysis of goat femur, over 95% of bone contact was reported with 
Polyactive® 1000PEO70PBT30 cylinders at early post-operative weeks, after which the bone 
contact decreased but remained over 80% during the follow-up of 52 weeks [149]. However, 
some of the experimental studies and a preliminary clinical study have failed to show any 
osteoconductive effect [3, 157]. In various in vitro and in vivo studies in which the polymer 
has also been implanted in bone, this polymer family has been documented as having good 
biocompatibility [21, 88, 109, 149, 151-153, 157, 163, 198] and only a mild or no inflamma-
tory reaction in the surrounding tissue has been reported [149, 151, 152, 157]. No adverse 
tissue reactions such as tissue necrosis or osteolysis have, to our knowledge, earlier been 
reported in the literature.
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3   AIMS OF THE STUDY
The overall objectives of the present thesis were to investigate the stabilities of bioabsorbable 
implants when used for fixation of tubular bones of the hand, and the histology of bioabsorb-
able joint scaffold arthroplasty. The specific objectives were:
- To study the initial fixation stabilities provided by SR-PLGA 80/20 and SR-P(L/DL)LA 
70/30 plates and screws for fixation of transverse metacarpal osteotomy, and to compare 
the results with those of metal fixation methods (I).
- To study the initial fixation stabilities provided by SR-P(L/DL)LA 70/30 plates and screws, 
and SR-PLLA pins for fixation of oblique osteotomy of small tubular bone, and to compare 
the results with those of metal fixation methods (II). 
- To study preliminarily if SR-P(L/DL)LA 70/30 plate systems can be used clinically in the 
fixation of unstable fractures and fusions of the hand in a small proof-of-principle type 
study (III)
- To evaluate a bioabsorbable P(L/D)LA 96/4 joint scaffold in an in vivo experimental design 
to find out its histology, biocompatibility, effect on tissue replacement and rate of bioab-
sorption in a small joint arthroplasty model in minipig (IV)
- To compare radiological results between the P(L/D)LA 96/4 joint scaffold, a compos-
ite joint scaffold with a double-sided Polyactive® 1000PEO70PBT30 stem and Swanson 
implant arthroplasties in a small joint arthroplasty model in minipig (IV-V)
- To assess the biocompatibility and applicability of a double-sided Polyactive® 
1000PEO70PBT30 stem in a composite joint implant in a small joint arthroplasty model 
in minipig (V)
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4   MATERIALS AND METHODS
4.1 Bioabsorbable fixation
4.1.1 Bone specimens
In paper I, 56 pairs of second metacarpal bones were collected from human cadavers (44 
males and 12 females). The approval for using cadaver bones was received from the National 
Authority for Medicolegal Affairs in Finland. None of the donors had a known history of 
musculoskeletal illness. The donors had died at age of 25–90 years (mean 64, SD 14). The 
harvest was done 1–7 days (mean 4, SD 1) post mortem. The mean length of the bones was 
69.9 mm (SD 4.7), the midshaft cross-sectional height was 9.7 mm (SD 1.1) and width was 9.1 
mm (SD 0.8), and the cortical thickness was 2.4 mm (SD 0.5). There was no difference in the 
covariates between the tested study groups (p < 0.05).
In paper II, 160 fresh pig second metacarpal bones were used. The specimens were dissected 
from fresh fore limbs obtained from a local slaughterhouse at the time the animals were killed 
and stored at +4 ºC before harvesting. The harvest was done 1 – 3 days after killing. The mean 
length of the bones was 59.3 mm (SD 1.4), the midshaft cross-sectional height was 9.1 mm 
(SD 0.6) and width was 6.4 mm (SD 0.4), and the cortical thickness was 1.8 mm (SD 0.4). 
There was no significant difference in the covariates between the groups (p < 0.05).
The bones were dissected free of soft tissues, wrapped in a normal saline-soaked gauze and 
frozen to –70 ºC. The frozen specimens were thawed at room temperature for 12-24 hours 
before laboratory studies. The bones were immersed in normal saline and kept moist through-
out the experiment. A transverse osteotomy (paper I) or an oblique osteotomy ulnar distal 
to radial proximal orientation at a 30º angle to the long axis of the bone (paper II) was made 
in the mid-diaphyseal region, using a circular diamond saw (Ø 30 mm, thickness 0.30 mm, 
Giflex-TR diamond disc, Bredent, Senden, Germany). In both papers, intact bone specimens 
served as controls. 
4.1.2 Implants
The bioabsorbable implants were made of SR-PLGA 80/20 (BioSorb™ PDX, Bionx Implants 
Ltd, Tampere, Finland), SR-P(L/DL)LA 70/30 (BioSorb™ FX, Bionx Implants Ltd, Tampere, 
Finland), or SR-PLLA (SmartPin™, Bionx Implants Ltd, Tampere, Finland). The raw material 
used for manufacturing the implants was purified medical-grade polymer (Purac Biochem, 
Gorinchem, Netherlands). All implants were sterilised with gamma irradiation of a minimum 
dose of 2.5 MRads. The metal implants studied were commercially-available titanium plates 
and screws (Howmedica Leibinger, Freiburg, Germany) and stainless steel Kirschner wires 
(Synthes, Mathys Medical, Bettlach, Switzerland; Medicon eG, Tuttlingen, Germany). The 
geometries of the implants are shown in Table 2.
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In paper I, the human metacarpal bone specimens with a transverse osteotomy were rand-
omized and fixed by using one of the seven fixation methods: dorsal (Fig. 8A) or dorsolateral 
(Fig. 8B) SR-PLGA 80/20 plate with 2 mm screws, dorsal (Fig. 8A) or dorsolateral (Fig. 8B) 
SR-P(L/DL)LA 70/30 plate with 2 mm screws, dorsal titanium plate (S plate) with 1.7 mm 
screws (Fig. 8C), dorsal titanium plate (M plate) with 2.3 mm screws (Fig. 8D), or crossed 
1.25 mm Kirschner wires (Fig. 8E) fixed by the retrograde method across the osteotomy 
site.
In paper II, the pig metacarpal bone specimens with an oblique osteotomy were randomised 
and fixed by using one of the following methods: two SR-PLLA pins with a diameter of 1.5 
mm (Fig. 8a); two stainless steel Kirschner wires with a diameter of 1.25 mm; two stainless 
steel Kirschner wires with a diameter of 1.5 mm (Fig. 8b); two SR-P(L/DL)LA 70/30 screws 
with a outer diameter of 2.0 mm (Fig. 8c); two titanium lag screws with a diameter of 1.7 mm 
(Fig. 8d); SR-P(L/DL)LA 70/30 plate and an 2.0 mm interfragmentary screw (Fig. 8e), or a 
titanium plate with an interfragmentary lag screw (outer Ø 2.3 mm) (Fig. 8f).
4.1.3 Fixation technique
The reduction of transverse osteotomy was achieved by hand and that of oblique osteotomy 
with reduction clamps. Both titanium and bioabsorbable plates were bent at room tempera-
ture to contour them to the convex shaft of the bone. When a plate was combined with an 
interfragmentary screw in an oblique osteotomy, the interfragmentary screw was first passed 
perpendicularly to the osteotomy in the mid-lateral plane of the bone, after which the plate 
was fixed to the dorsal aspect of the bone with four bicortical screws. In contrast to tita-
nium screws, bioabsorbable screws needed tapping. The insertion of a bioabsorbable pin also 
required pre-drilling of the bone with a Kirschner wire of corresponding diameter. In an 
oblique osteotomy, interfragmentary Kirschner wires, bioabsorbable pins and screws were 
inserted slightly non-parallel across the osteotomy line. After insertion, Kirschner wires and 
titanium screws were cut flush with the bone surface with metallic cutter, whereas bioabsorb-





1.7 mm titanium 
plate system
2.3 mm titanium 
plate system
Plate
Thickness (mm) 1.0 1.2 (I), 1.0 (II) 0.55 1.0
Width (mm) 5.5 5.5 3.6 4.5
Length (mm) 25.5 25.5 (I), 35 (II) 17.4 26
Screw
Head cruciate cruciate cruciate cruciate
Head height (mm) 1.75 1.75 0.85 0.85
Thread pitch (mm) 1.0 1.0 0.6 0.8
Outer diameter (mm) 2.0 2.0 1.7 2.3
Inner diameter (mm) 1.45 1.45 1.2 1.6
Thread depth (mm) 0.275 0.275 0.25 0.35
Tapping pretapping pretapping self-tapping self-tapping
Table 2.  Geometry and properties of plates and screws used in the biomechanical studies (paper I and II).
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Dorsolateral SR-PLGA 80/20 plate and 2.0 mm screws
Dorsolateral SR-P(L/DL)LA 70/30 plate and 2.0mm screws
Dorsal SR-PLGA 80/20 plate and 2.0 mm screws
Dorsal SR-P(L/DL)LA 70/30 plate and 2.0mm screws
Dorsal titanium plate and 1.7 mm screws
Dorsal titanium plate and 2.3 mm screws
1.25 mm Kirschner wires
1.5 mm SR-PLLA pins
1.25 mm Kirschner wires
1.5 mm Kirschner wires
2.0 mm SR-P(L/DL)LA screws
1.7 mm titanium screws
SR-P(L/DL)LA plate and 2.0 mm screws
Titanium plate and 2.3 mm screws
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4.1.4 Biomechanical testing
Biomechanical testing was done using bending and torsion tests. The tests were performed 
using Lloyd testing machine (Lloyd Instruments Ltd, Fareham, England) at room tempera-
ture. Eight specimens were tested in the transverse osteotomy model (paper I) and ten speci-
mens in the oblique osteotomy model (paper II), both in bending and in torsion.
Bending tests
The palmar and dorsal apex bending were applied to the specimens using a three-point 
loading [13, 14, 139-141]. In paper II, lateral apex bending was also applied. The loading 
crosshead was centred over the osteotomy site in the middle of support span of 30 mm. The 
span was chosen to represent the longest possible span not interfering with the ends of the 
bones. The cross-head speed was constant 1 mm/min. The radius of each support span and 
crosshead was 5 mm.
First, the specimens were non-destructively tested in palmar apex by applying a 1.0 mm 
crosshead displacement. In paper II, the specimens were then similarly non-destructively 
tested in apex lateral bending. Finally, the specimens were loaded until failure in the dorsal 
apex bending. The load-displacement curve was plotted for each specimen.
Flexural rigidity (extrinsic stiffness) of the bone illustrates the slope the load-deformation 
curve in the elastic region where the deformation increases linearly with increasing load 
before the yield point. It is equal to EI, where E is the elastic modulus and I the cross-sectional 
moment of inertia. Flexural rigidity was calculated using the equation 1 where F/x is the 
force-deflection curve of initial linear section (N/m) and L the length of the span (m) [192].
 EI = — —  ,   (1)
The ultimate point in dorsal apex bending was defined as a decrease in load with increasing 
displacement. The maximum bending moment at ultimate point was calculated using equa-
tion 2, where F is force at the ultimate point (N) and L the length of the span (m).
 M = —  ,   (2)
In paper I, failure modes were observed visually and recorded (site of bending, presence of 
screw pull-out, evidence of fracture lines).
Torsion test
The bones selected for torsional tests were placed in bone cement (Palacos® R, Schering-Plough) 
in circular plastic form (diameter 30 mm, depth 15 mm) at both of their ends. After the cement 
was allowed to dry, the specimens were fastened vertically into the testing machine and loaded 
to torque with external rotation (i.e. distal epiphysis rotates externally compared with proximal 
epiphysis) (Fig. 3F), thus in the direction that opens up the oblique osteotomy (paper II). The 
angular velocity was constant 0.25 rad/min. The torque-twist relationship was determined.
The torsional rigidity (extrinsic stiffness) was calculated from torque-twist curve using the 
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L the length of the unembedded portion of the specimen (m).
 GJ = —      ,   (3)
4.1.5 Statistical methods
Mean values and standard deviations (SD) were calculated for each study group and for intact 
bones. Differences among the groups were compared using analysis of variance (ANOVA) 
and if differences were found to be relevant, pairwise comparisons were done with the t test 
for normally-distributed variables and the nonparametric Mann-Whitney U test was done for 
skewed distributions. The level of statistical significance was set at p < 0.05. Statistical analyses 
were done using SPSS 10.0 program (Chicago, IL, USA). 
4.1.6 Patient cases
Three patients with complex hand injury were osteosynthesised with bioabsorbable SR-P(L/
DL)LA 70/30 plate and screws.
Patient 1
A 22-year-old man crushed his right hand in a dough-kneading machine. He suffered a large 
laceration of the dorsal aspect of the hand, including a soft-tissue defect with laceration of the 
extensor tendons of thumb, index, middle and ring fingers, and a displaced fracture of the 
shaft of the third metacarpal bone (Fig. 9). Fracture stabilisation was achieved with a 6-hole 
SR-P(L/DL)LA 70/30 plate (thickness 1.2 mm) and four 2.0 mm screws (inner Ø 1.5 mm, 
pitch 1.0 mm) (Fig. 9). The extensor digitorum tendon of the index finger and the superficial 
branch of the radial nerve were repaired. An extended lateral arm free flap and a full thickness 
skin graft were designed and transferred to cover the soft-tissue defect (Fig. 9). Post-operative 
management consisted of the application of an extensor tendon splint for three weeks, physi-
cal rehabilitation and compressive dressing.
Patient 2
A 61-year-old man sustained a traumatic complete amputation of the right thumb at the MCP 
joint level while working with a wood-splitting machine (Fig. 10). Thumb replantation and 
arthrodesis of the MCP joint were undertaken using an H-shaped SR-P(L/DL)LA 70/30 plate 
(thickness 1.2 mm) and seven 2.0 mm screws (inner Ø 1.5 mm, pitch 1.0 mm) (Fig. 10). Post-
operatively, a cast was applied for three weeks.
Patient 3
A 24-year-old female patient suffered a severe bone defect in the proximal phalanx of the left 
thumb secondarily to trauma in childhood (Fig. 11). Exploration of the left thumb revealed 
15° of active movement of the IP joint and intact soft tissues except for extensor tendon 
rupture. A corticocancellous graft of 20 x 10 x 7 mm was harvested from the iliac crest and 
used to fill the bone defect. It was fixed with a SR-P(L/DL)LA 70/30 plate (thickness 1.0 mm) 
and three 1.5 mm screws (inner Ø 1.0 mm, pitch 0.8 mm) (Fig. 11) in conjunction with three 
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Figure 9. Patient 1: A) Initial radiological findings show a displaced fracture of the third metacarpal; B) Intraoperative 
view showing internal fixation with a SR-P(L/DL)LA 70/30 plate (arrow); and C) Final appearance after an extended 
lateral arm free flap and full thickness skin graft.
Figure 10. Patient 2: A) Pre-
operative view of complete thumb 
amputation; B) Arthrodesis of the 
metacarpophalangeal joint was 
carried out with a SR-P(L/DL)LA 
70/30 plate (arrow).
Figure 11. Patient 3: A-B) Pre-operative appearance. A bone defect in 
the proximal phalanx and limited movement of the interphalangeal joint 
in the right thumb were observed; C-D) A corticocancellous bone graft 
from the iliac crest was fused to adjacent bone structures with a SR-P(L/
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4.2 Bioabsorbable joint scaffold arthroplasty
4.2.1 Experimental animals
The experiments on minipigs were approved by the Research Animal Committee of the 
Faculty of Veterinary Medicine, Helsinki University, and by the Provincial Administrative 
Board. Eighteen skeletally-mature female minipigs (Ellegaard Göttingen Minipigs Aps, 
Dalmose, Denmark) with a mean age of 3.6 years (range 2.1-4.5) and a mean weight of 43.3 
kg (range 29-57) were used.
4.2.2 Implants
The P(L/D)LA 96/4 scaffolds (Fig. 12A) were manufactured of purified, medical-grade (resid-
ual monomer < 0.5%) poly-L/D-lactide co-polymer with an L/D isomer ratio of 96/4 (Purac 
Biochem b.v., Gorinchem, The Netherlands). Raw P(L/D)LA 96/4 polymer was melt-spun 
to 4-ply multifilament using Gimac microextruder (Gimac, Castronno, Italy) having a die 
temperature of 265°C and oriented by drawing in a two-step process to a draw ratio of 4.2. 
The 4-ply multifilament was knitted to a tubular jersey structure using a tubular jersey knit-
ting machine (Textilmaschinenfabrik Harry Lucas, Neumünster, Germany) and rolled to a 
cylindrical scaffold 8 mm in diameter and 3.5 mm thick (Fig. 12A) and heat-treated above 
the glass transition temperature in the molds. The scaffolds were washed with ethanol, dried 
in vacuum overnight and packed separately into double pouches before they were sterilised 
with gamma irradiation of a minimum dose of 2.5 MRads. The fabrication method of the 
P(L/D)LA 96/4 scaffold is described in more detail elsewhere [79, 120]. The material data 
of the polymer is given in Table 4. The mean porosity of P(L/D)LA 96/4 scaffolds has earlier 
been reported to be 69.5% defined by comparing the mass of the scaffold to the correspond-
ing mass of a solid P(L/D)LA 96/4 piece [120].
The composite joint implant was composed of a P(L/D)LA 96/4 scaffold combined with an 
intramedullary double-sided Polyactive® 1000PEO70PBT30 stem (Fig. 12B). The stems were 
fabricated of a segmented block co-polymer of polyethylene oxide (PEO) and polybutylene 
terephtalate (PBT) with a PEO/PBT ratio of 70/30 and an initial length of the PEO segment of 
1000 Da (trade name Polyactive® 1000PEO70PBT30, IsoTis b.v., Bilthoven, The Netherlands). 
The molecular weight of the used co-polymer was 80,000 – 125,000 dl/g (manufacturer’s 
information). The polymer was thermally stabilised with 0.55-0.85 wt% vitamin E. The stems 
were injection-moulded at 150°C using a pilot-scale Battenfeld injection molding machine. 
Figure 12.  Implants used were A) P(L/D)LA 
96/4 scaffold, B) P(L/D)LA 96/4 scaffold with a 
1000PEO70PBT30 stem, and C) Swanson silicone 
implant.
A B C
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The final quadrangular stems were 25.4 mm in length with an edge of 3.0 mm in the base 
and 1.5 mm in the tip, and with a groove in the central part. The P(L/D)LA 96/4 scaffold part 
of the composite joint implant was fabricated of raw P(L/D)LA 96/4 (Purac Biochem b.v., 
Gorinchem, Netherlands). P(L/D)LA 96/4 was melt-spun to 4-ply multifilament and knitted 
to tubular single jersey which was rolled onto its place in the central groove in the midway of 
the Polyactive® 1000PEO70PBT30 stem. The resulting composite joint implant produced thus 
consists of a P(L/D)LA 96/4 scaffold in the middle part (having an outer diameter of 8 mm and 
thickness of 3.5 mm), flanked by intramedullary double-sided Polyactive® 1000PEO70PBT30 
stem 12.3 mm long on the metacarpal side and 9.6 mm long on the proximal phalangeal 
side (Fig. 12B). Finally the implants were packed separately before they were sterilised with 
gamma irradiation using a minimum dose of 2.5 MRads.
The Swanson silicone finger joint implant (Wright Medical Technology, Inc., Arlington, 
Tennessee, USA) of size 00 was appropriate to meet the anatomical requirements (Fig. 12C). 
The size of the midsection was 7.9 mm (width) x 3.0 mm (depth) x 3.3 mm (height).
4.2.3 Anaesthesia
The animals were sedated with 0.5 mg/kg midazolam (Dormicum®, Roche Oy, Espoo, 
Finland) intramuscularly and 4 mg/kg azaperone (Stresnil, Janssen-Cilag Pharma, Vienna, 
Austria) intramuscularly. After premedication with 0.01 mg/kg of glycopyrrone (Robinul®, 
John Wyeth and Brother Ltd., New Lane, Havant, Hantfordshire, England) intramuscularly, 
anesthesia for surgery was induced and after intubation maintained with isoflurane (Forene®, 
Abbott Scandinavia, Solna, Sweden). During operation, 500-1000 ml of fluid (Ringersteril, 
Baxter Ltd, Vantaa, Finland), bentzylpenicillin natrium 35 000 IU/kg (Geepenil, Orion 
Pharma, Espoo, Finland) and 2.2 mg/kg flunixine meglumine (Finatyde, Schering-Plough 
Sante Animal, Segre, France) were administered intravenously. Analgesia was employed by 
0.1 mg/kg butorphanoltartrat (Torbugesic Vet, Fort Dodge Laboratories, Fort Dodge, Iowa, 
USA) intramuscularly.
4.2.4 Surgical technique and post-operative care
The operation was performed in sterile conditions on both forelimbs, under tourniquet 
control. The implants used were randomly implanted, so that two different implants were 
implanted in the forelimbs of each animal. A longitudinal skin incision was made on the 
dorsum of the fifth MCP joint. After the joint was exposed by a longitudinal capsular incision 
between the common digital extensor and extensor digiti quinti tendons, the metacarpal head 
and the base of proximal phalanx were resected piecemeal with bone rongeurs and chisel, 
leaving the collateral ligaments intact. The resected joint space was thoroughly irrigated with 
saline and care was taken to remove all cartilage. Sesamoid bones were not removed.
Table 4. Material data of raw P(L/D)LA 96/4 polymer before and after processing.
Raw P(L/D)LA 96/4 Processed P(L/D)LA 96/4 scaffold
Inherent viscosity (chloroform, 25°C) 4.98 dl/g 3.17 dl/g
Heat of fusion 30.2 J/g 26.2 J/g
Glass transition temperature 66°C 59°C
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The joint reconstruction was achieved with one of three different implants described above: 
1) P(L/D)LA 96/4 scaffold (Fig. 12A), 2) P(L/D)LA 96/4 scaffold with a double-sided 
Polyactive® 1000PEO70PBT30 stem (Fig. 12B), or 3) Swanson silicone implant (Fig. 12C). 
The plain P(L/D)LA 96/4 scaffold without a stem was fixed in its place by two PDS (PDS II, 
4/0 USP, Ethicon®, Norderstedt, Germany) knots, one for each collateral ligament. The sili-
cone arthroplasty was done following the accepted principles as proposed by Swanson [177]. 
For Swanson and P(L/D)LA 96/4 scaffold with a double-sided Polyactive® 1000PEO70PBT30 
stem, the intramedullary canals of the metacarpal and proximal phalanx were reamed in 
a rectangular shape to accommodate the stem of the implant. The joint capsule and skin 
were closed with interrupted and continuous intracutaneous 4/0 PDS sutures, respectively. 
The tourniquet was released. The wound was covered by teat bandage (Animal Soft, Snøgg 
Industri As, Mosby, Norway) and sterile gauzes followed by self-adherent wrap (Coban™, 3M 
Health Care, Borken, Germany) for ten days post-operatively.
4.2.5 Follow-up and examination methods
Clinical follow-up consisted of radiological examinations (anterior-posterior radiograph) 
and ROM measurements with a goniometer pre-operatively, immediately after the opera-
tion, and at follow-up time points until sacrifice. The animals were harvested at 10, 26, and 
52 weeks post-operatively to obtain three specimens in each group, as well as at three years to 
obtain two specimens in each arthroplasty group. Harvesting was made by giving an overdose 
of pentobarbital (Mebunat vet, Orion-yhtymä Oyj, Espoo, Finland) following administration 
of the euthanising agent (T61 vet.inject., Intervet International GmbH, Unterschleissheim, 
Germany) intravenously.
After harvesting, the operated areas were dissected free of soft tissues and inspected before 
the radiographs were taken. The arthroplasty space width and volar subluxation were meas-
ured from anterior-posterior and lateral radiographs, respectively. The operated areas were 
excised as specimens, fixed in a series of ethanol immersions of rising concentrations (70% to 
90%) and embedded in methylmetacrylate. For histological analysis, 20 μm uncalcified whole 
mount sections were cut through the longitudinal axis of the bones and the joint by using 
a cutting and grinding method [42] and stained by a modified Masson-Goldner trichrome 
method [54]. For the scaffold porosity measurements, three unimplanted intact P(L/D)LA 
96/4 scaffolds were prepared as controls similarly for the microscopic analysis. A light micro-
scope was used for histological evaluation. The quantitative measurements were performed 
with the use of computer-assisted image-analysis software (analySIS pro 3.0, Soft Imaging 
System GmbH, Münster, Germany). Since the P(L/D)LA 96/4 is highly birefringed, its reten-
tion and degradation over time were assessed using a polarising microscope. The porosity of 
the scaffold was calculated on the basis of positive birefringence areas of photographs made 
under low-power magnification.
4.2.6 Statistical methods
ANOVA or for non-normal data Kruskal-Wallis test was used to assess differences between 
groups. If such differences were found, pair-wise comparisons using t-tests or Mann-Whitney 
U-tests (if non-normal data) were carried out to locate the differences. Two-tailed P values 
< 0.05 were considered significant. Statistical analyses were done using SPSS 12.0 program 
(Chicago, IL, USA).
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The rigidity (Fig. 13) of dorsal SR-P(L/DL)LA plating was higher than that of dorsal SR-PLGA 
(p = 0.011) and 1.7 mm titanium plating (p = 0.032). There was no significant difference in 
rigidity between dorsal SR-PLGA and 1.7 mm titanium plating (p = 0.340). Both types of 
dorsolateral bioabsorbable plating were more rigid than the corresponding dorsal platings (p 
< 0.001). Of the plated bones, dorsal 2.3 mm titanium plating had the highest rigidity (p = 
0.020, versus the second highest), whereas crossed Kirschner wires provided the highest sta-
bility when analysing all fixation groups (p < 0.001). Intact control bone had a mean rigidity 
of 0.427 Nm2 (SD = 0.063).
Dorsal apex bending
In rigidity (Fig. 14A), both dorsal bioabsorbable platings (SR-PLGA, p = 0.005; SR-P(L/
DL)LA, p < 0.001) were weaker than dorsal 2.3 mm titanium plating. Of the two, SR-PLGA 
plating was more rigid than SR-P(L/DL)LA plating (p = 0.005) and it was equal in rigidity to 
the dorsal 1.7 mm titanium plate (p = 0.491). Both types of dorsal bioabsorbable plating were 
more rigid than crossed Kirschner wires (SR-PLGA, p < 0.001; SR-P(L/DL)LA, p = 0.001). 
When applying the bioabsorbable plates dorsolaterally, the rigidity decreased (SR-PLGA, p 
< 0.001; SR-P(L/DL)LA, p = 0.006) compared with the corresponding dorsal plating. There 
was no difference in rigidity between the dorsolateral bioabsorbable platings and crossed 
Kirschner wires (p = 0.284).
Crossed Kirschner wires
Dorsal titanium plate (1.7 mm)




Dorsal SR-PLGA plateFigure 13. Rigidity of 
transversally-osteotomised 
bones in palmar apex 
bending. Values are presented 
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Analysis of the maximum bending moment (Fig. 14B) revealed that both types of dorsal bio-
absorbable plating had higher values than crossed Kirschner wires (p < 0.001), but there was 
no difference when compared with 1.7 mm titanium plating (p = 0.331). The values measured 
in the dorsal bioabsorbable plate groups did not differ (p = 0.567). When intact bone was 
excluded, dorsal 2.3 mm titanium plating had the highest maximum bending moment (p = 
0.034, versus the second highest) among the fixation methods studied. A tendency toward 
lower values was seen when dorsolateral bioabsorbable plating was compared with corre-
sponding dorsal plating (SR-PLGA, p = 0.084; SR-P(L/DL)LA, p = 0.002). The mean value 
for crossed Kirschner wires was the lowest, but the difference compared with dorsolateral 
SR-P(L/DL)LA was not significant (p = 0.090). Intact control bone had a rigidity of 0.477 Nm2 
(SD = 0.099) and a maximum bending moment of 9.04 Nm (SD = 2.07).
Visual evaluation of failure mechanisms revealed that osteotomies plated dorsally with SR-
PLGA plates were broken either at the plate (five of eight specimens) or the bone cortex 
(three of eight specimens). Dorsal SR-P(L/DL)LA plates were stretched slightly at the screw 
hole site, after which the fixation failed as above (three of eight specimens at the plate, and 
three of eight specimens at the cortex) but in two specimens the dorsal SR-P(L/DL)LA plate 
stretched without breaking. Dorsolateral bioabsorbable plates broke (SR-PLGA, eight of eight 
specimens; SR-P(L/DL)LA, four of eight specimens) or were stretched without breaking (SR-
P(L/DL)LA, four of eight specimens) at the screw hole site. Bones plated dorsally with 1.7 
mm titanium plate failed because of plate breakage (five of eight specimens) or because the 
titanium screws came out of the bone (three of eight specimens), whereas all bones plated 
dorsally with 2.3 mm titanium could not resist the force created around the screws, leading 
to broken cortex (four of eight specimens) or longitudinal splitting of the diaphysis (four of 
eight specimens). Kirschner wires broke through the cortex (eight of eight specimens) when 
angulation at the osteotomy site was increased. The areas subjected to the highest stress in 
plating systems were on the bone adjacent to the screws and at the screw hole sites of the plate 
nearest to the osteotomy. The screws and their heads did not break in any instance.
Figure 14. A) Rigidity and B) maximum bending moment of transversally-osteotomised bones in dorsal apex bending. 
Values are presented as means (and standard deviations).
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Figure 15. A) Torsional rigidity and B) failure torque of transversally-osteotomised bones. Values are presented as means 
(and standard deviations).
Crossed Kirschner wires
Dorsal titanium plate (2.3 mm)
Dorsal titanium plate (1.7 mm)
Dorsal SR-P(L/DL)LA plate











0.2 0.15 0.05 0
Rigidity (Nm2/rad)




In torsional loading (Fig. 15A) both types of dorsal bioabsorbable plating were more rigid 
than dorsal 1.7 mm titanium plating (SR-PLGA, p = 0.036; SR-P(L/DL)LA, p = 0.011) but 
weaker than 2.3 mm titanium plating (SR-PLGA, p = 0.046; SR-P(L/DL)LA, p = 0.022). The 
bioabsorbable platings were statistically equivalent (p = 0.721) and they did not differ from 
Kirschner wire fixation (p = 0.178). Torsional rigidity of intact control bone was 1.05 Nm2/rad 
(SD = 0.25).
In terms of failure torque (Fig. 15B), the bioabsorbable and 2.3 mm titanium platings were 
statistically equal (p = 0.510). Furthermore, the bioabsorbable platings had higher failure 
torque than 1.7 mm titanium plating (p = 0.008, versus dorsal SR-P(L/DL)LA plating) or 
crossed Kirschner wires (p = 0.002, versus dorsal SR-P(L/DL)LA plating). Failure torque of 
intact control bone was 5.89 Nm (SD = 1.35).
5.1.2 Oblique osteotomy
Palmar apex bending
1.5 mm SR-PLLA pins, 1.5 mm Kirschner wires and SR-P(L/DL)LA screws (outer Ø 2.0 mm, 
inner Ø 1.45 mm) provided similar rigidities (p = 0.643) in palmar apex bending. The SR-
P(L/DL)LA plate with an interfragmentary screw provided rigidity equal to that of titanium 
lag screws (p = 0.148) and was found to be more rigid than any of the Kirschner wires, SR-
PLLA pins or SR-P(L/DL)LA screws (p < 0.001). The titanium plate with an interfragmentary 
lag screw showed the most resistance of all the fixation devices tested (p < 0.001). Intact bone 
had a rigidity of 0.255 Nm2 (SD = 0.026) (Fig. 16A).
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Lateral apex bending
1.5 mm SR-PLLA pins provided rigidity comparable to that of the 1.25 mm Kirschner wires 
(p = 0.532), whereas 1.5 mm Kirschner wires provided higher values than 1.5 mm SR-PLLA 
pins (p = 0.002). SR-P(L/DL)LA screws provided higher rigidity than 1.5 mm Kirschner wires 
(p = 0.018) or 1.5 mm SR-PLLA pins (p < 0.001). No statistically significant difference was 
found between the rigidities provided by SR-P(L/DL)LA screws and SR-P(L/DL)LA plating 
(p = 0.064), but titanium lag screws provided higher rigidity than SR-P(L/DL)LA screws (p 
< 0.001). Titanium plate fixation showed the highest rigidity of all fixation methods tested (p 
= 0.008 vs. titanium lag screws). Intact bone had a rigidity of 0.202 Nm2 (SD = 0.032) (Fig. 
16B).
Dorsal apex bending
1.5 mm SR-PLLA pins, 1.5 mm Kirschner wires, SR-P(L/DL)LA screws (outer Ø 2.0 mm, 
inner Ø 1.45 mm) and titanium lag screws (outer Ø 1.7 mm) provided equal rigidities (p = 
0.338). SR-P(L/DL)LA plating was more rigid than titanium lag screws (p = 0.005) but less 
rigid than titanium plating (p = 0.001). Intact bone had a rigidity of 0.213 Nm2 (SD = 0.045) 
(Fig. 17A). The rigidities of SR-P(L/DL)LA plating (p = 0.671) and titanium plating (p = 
0.179) did not reveal any significant differences when the values in dorsal and palmar apex 
bending tests were compared.
The maximum bending moments (Fig. 17B) of 1.5 mm SR-PLLA pins and 1.5 mm Kirschner 
wires were similar (p = 0.576). SR-P(L/DL)LA screws resisted force better than SR-PLLA pins 
(p < 0.001) or titanium lag screws (p = 0.038). The plated bones had the highest values among 
the fixation configurations (p < 0.001), titanium plate fixation having a higher value than the 
bioabsorbable one (p < 0.001). The maximum bending moment of intact control bone was 
4.48 Nm (SD = 0.95).
Figure 16. Rigidity of obliquely-osteotomised bones in A) palmar and B) lateral apex bending. Values are presented as 
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Figure 17. A) Rigidity and B) maximum bending moment of obliquely-osteotomised bones in dorsal apex bending. 
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The torsional rigidity (Fig. 18A) values of 1.5 mm SR-PLLA pins and 1.25 mm Kirschner 
wires were statistically similar (p = 0.613), and comparison between 1.5 mm SR-PLLA pins 
and an SR-P(L/DL)LA 70/30 plate with an interfragmentary screw did not reveal any sta-
tistical difference (p = 0.155). SR-P(L/DL)LA screws provided rigidity equal to that of 1.5 
mm Kirschner wires (p = 0.737) and higher than that of 1.5 mm SR-PLLA pins (p = 0.003). 
SR-P(L/DL)LA screws did not show any statistically significant difference from titanium lag 
screws (p = 0.088), but titanium plating had greater rigidity (p = 0.003). Intact bone had a 
rigidity of 0.275 Nm (SD = 0.037).
The failure torque (Fig. 18B) values of SR-PLLA pins, SR-P(L/DL)LA screws and titanium 
lag screws were similar (p = 0.967). Furthermore, SR-PLLA pins did not show any statisti-
cally significant difference from Kirschner wires with diameters of 1.25 mm (p = 0.395) or 
1.5 mm (p = 0.056). SR-P(L/DL)LA and titanium plating showed the highest mean values of 
failure torque, which did not differ statistically from each other (p = 0.418). The difference 
between SR-P(L/DL)LA plating and 1.5 mm Kirschner wires was not statistically significant 
(p = 0.063). The failure torque of intact bone was 2.03 Nm (SD = 0.28).
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5.1.3 Patient cases
Patient 1
Reduction remained (Fig. 19) and uneventful union ensued, but there was a little scar con-
tracture of the thumb, and a bulky flap. At a follow-up 15 months post-operatively, the patient 
was free of pain and demonstrated good overall function of the hand. The active motion of 
the MCP joint of the middle finger was 20° to 60°, and that of the index and ring fingers was 
0° to 30°.
Patient 2
Radiographic union was evident at six weeks (Fig. 20A). On the last visit, 20 months after 
surgery (Fig. 20B-C), the thumb was painless and he was able to perform his daily activities 
without restriction. The active motion of the interphalangeal joint was 25° to 35°, whereas the 
carpometacarpal joint regained 10° flexion and 30° hyperextension. The thumb demonstrated 
active abduction of 45°.
Patient 3
Bone consolidation occurred at 6 weeks. At the final follow-up after 12 months, the contours 
of the thumb were satisfactory (Fig. 21A-B) and the patient had regained function of her 
thumb except for slight lateral instability owing to laxity of the lateral collateral ligaments.
5.2 Bioabsorbable joint scaffold arthroplasty
All minipigs recovered uneventfully from the operation, stood up after the anesthesia and put 
weight on and used all limbs normally without any signs of limping. No swelling or thicken-
ing of the tissues was macroscopically seen in the skin or subcutaneous layers. The exten-
sor tendons above the reconstructed joint could be freely moved. However, in the Swanson 
implant group belonging to the 26-week follow-up, one minipig developed a sinus at the 
operation site two months post-operatively, followed by an implant extrusion and sinus 
healing. This forelimb was excluded from the study. No differences in the joint stiffness or 
stability were found between the arthroplasty groups in manual examination.
5.2.1 Range of motion
The mean pre-operative and post-operative passive ROMs of the joints are shown in Table 
5. The mean ROM of each study group decreased significantly from the pre-operative mean 
values of 130-140° to the mean values of 89-94° in the early post-operative weeks (p <  0.001). 
No further statistically significant changes in ROM were observed during the three-year 
follow-up (p > 0.05). No differences were found between the study groups (p > 0.05).
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Figure 19. Patient 1: X-ray 1 month after surgery.
Figure 20. Patient 2: A) X-ray 6 weeks after surgery showing solid union of fusion of the thumb MCP joint; 
B-C) Thumb contour 20 months after surgery.
Figure 21. Patient 3: A) A view of the 
hand 8 months after surgery and B) 
an  x-ray 12 months after surgery 
showing good thumb contour.
A B C
BA
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5.2.2 Radiography
In the P(L/D)LA scaffold and Swanson silicone implant groups, the contours of the resected 
bone ends were both initially sharp (Fig. 22 and 23A and a), but gradually became uneven and 
sclerosed during the 3-year follow-up (Fig. 23B-D and b-d). At 10 weeks, a periosteal reaction 
was seen at the resected bone ends in both groups (Fig. 23A and a). In the P(L/D)LA scaf-
fold group after 26 weeks, the end of the metacarpal bone had remodeled into a rounded and 
convex shape, whereas the proximal phalanx had become concave due to new bone formation 
at the edges of the proximal phalanx (Fig. 23B). In the Swanson implant group, bony spurs 
were noted at 10 weeks at the metacarpal bone end on the volar and dorsal aspects (Fig. 23a). 
They became gradually more pronounced so that at three years the Swanson silicone implant 
was almost completely surrounded by bony spurs (Fig. 23d).
In the Polyactive® 1000PEO70PBT30 stem group, radiographs showed severe osteolytic 
changes around the stem in all specimens during the first post-operative year (Table 5, Fig. 
22C and 23a’-c’). The maximum diameter of osteolytic stem cavity averaged 7.1 mm, 5.5 mm 
and 8.2 mm in 10, 26 and 52 week specimens, respectively. The widest diameter of the stem 
cavity was usually found in the central part of the stem site adjoining the arthroplasty space. 
The bone cortex around the Polyactive® 1000PEO70PBT30 stem site was often less than 1 
mm in thickness and occasionally even perforated. At 3 years, the radiographs showed clear 
regression of the osteolytic area with traces of new trabecular bone (Fig. 23d’), but small 
osteolytic cysts, 2-3 mm in diameter, were still visible. However, no single and continuous 
osteolytic implant cavity could be identified anymore. The resected bone ends were highly 
more sclerosed in the Polyactive® 1000PEO70PBT30 stem group than in the P(L/D)LA scaf-
fold and Swanson implant groups.
Table 5. Mean passive range of motion and radiological evaluation of arthroplasty space width, volar subluxation and 
maximum diameter of cavity around the intramedullary stem after P(L/D)LA 96/4 joint scaffold, Swanson silicone 
implant, and P(L/D)LA 96/4 joint scaffold with a Polyactive® 1000PEO70PBT30 stem at follow-ups. Values are presented 
as means (and standard deviations).
Preoperative 10 weeks 26 weeks 1 year 3 years
Passive range of motion (degree)
P(L/D)LA scaffold 140 (8) 89 (11) 98 (10) 94 (10) 86 (2)
Swanson implant 140 (7) 94 (15) 96 (18) 90 (7) 74 (6)
P(L/D)LA scaffold with Polyactive® stem 135 (6) 94 (16) 100 (8) 92 (9) 70 (1)
Arthroplasty space width (mm)
P(L/D)LA scaffold 4.9 (1.1) 4.5 (0.8) 4.3 (1.0) 3.9 (0.3)
Swanson implant 4.4 (1.0) 4.0 (0.5) 3.5 (0.5) 2.7 (0.5)
P(L/D)LA scaffold with Polyactive® stem 5.4 (1.1) 5.1 (0.6) 3.4 (0.5) 4.7 (1.9)
Volar subluxation (mm)
P(L/D)LA scaffold 0.4 (0.3) 0.5 (0.9) 0.7 (0.2) 0.8 (0.5)
Swanson implant 0.2 (0.3) 0 0 0
P(L/D)LA scaffold with Polyactive® stem 0.6 (0.5) 0.7 (0.1) 0.6 (0.4) 0
Maximum diameter of cavity around
the intramedullary stem (mm)
Swanson implant 3.5 (0.5) 3.8 (0.5) 3.3 (0.2) 3.6 (0.3)
P(L/D)LA scaffold with Polyactive® stem 7.1 (1.0) 5.5 (1.1) 8.2 (0.7) -
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Figure 23. Radiographs of the arthroaplasty after P(L/D)LA 96/4 joint scaffold, Swanson silicone implant and P(L/
D)LA 96/4 joint scaffold with a Polyactive® 1000PEO70PBT30 stem in lateral projection examined post-operatively 





















Figure 22. Radiograph at one year follow-up showing A) P(L/D)LA 96/4 joint scaffold, B) Swanson silicone implant, 
and C) P(L/D)LA 96/4 joint scaffold with a Polyactive® 1000PEO70PBT30 stem in the fifth MCP joint of the fore limb 
of a minipig (arrows)
A B C
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In the Swanson implant group, only minimal bone erosion was seen around the intramedul-
lary silicone stems (Fig. 23a-d), the mean value of the widest diameter being 3.6 mm (SD = 0.4) 
(Table 5). This was similar to or only slightly greater in value than the original reamed bone 
channel diameter. The difference was significant when this value was compared to the mean 
diameter of Polyactive® 1000PEO70PBT30 stem group (p < 0.001). Bone remodeling was fre-
quently seen at the end of the silicone stems where the cortical bone became very thin (Fig. 
23c and d). No breakage of the silicone implant could be seen in the radiographs. The speci-
mens reconstructed with a plain P(L/D)LA scaffold without a stem and without intramedul-
lary reaming showed normal structure of the bone without any osteolytic changes.
The mean arthroplasty space width ranged being 4.9−3.9 mm and 4.4−2.7 mm in the P(L/
D)LA scaffold and Swanson silicone implant groups during the follow-up, respectively (Table 
5). The mean values were higher in the P(L/D)LA scaffold group, but the difference was not 
statistically significant (p = 0.077). During the follow-up, no statistically significant decrease 
in arthroplasty space width was seen in either group (p = 0.516, p = 0.13, respectively). In the 
Polyactive® 1000PEO70PBT30 stem group the values of arthroplasty space width were mis-
leading high due to severe osteolytic changes (Fig. 23a’-c’) (Table 5).
Volar subluxation was present at all follow-up time points in the joints reconstructed with a 
P(L/D)LA scaffold (Table 5), the mean value being 0.56 mm (range 0.0−1.1 mm). No statisti-
cally significant increase towards higher values of subluxation were seen during the follow-up 
(p = 0.790). Similar volar subluxation was present also in the Polyactive® 1000PEO70PBT30 
stem group. In the Swanson implant group, volar subluxation was seen only in one joint 
(Table 5).
5.2.3 Light microscopy of P(L/D)LA 96/4 joint scaffold arthroplasty
The P(L/D)LA scaffold remained in the correct position between the resected bone ends 
during the whole study period. All histological sections showed fibrous connective tissue 
formation in the scaffold without any cartilage except for the articular surfaces of the sesam-
oid bones, which had been left untouched in the operation. The mean porosity of the unim-
planted P(L/D)LA scaffold was 69% (SD 1.0) with a range from 62% to 74% (Fig. 24). The 
mean filament diameter of the unimplanted scaffold was 113 µm (SD 2.1).
Figure 24. The porosity of P(L/D)LA 96/4 
scaffold before implantation and at follow-
up in the dorsal and volar sides of the joint 
scaffold.








Unimplanted 26 wks 1 yr10 wks
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Figure 25. Sagittal photomicrograph of the joints reconstructed with P(L/D)LA 96/4 scaffold at A) 10 and B) 26 weeks 
and C) 1 and D) 3 years post-operatively. A histological detail of the P(L/D)LA 96/4 joint scaffold is presented in the 
dorsal (left column) and volar side (right column) of the reconstructed joint. Masson-Goldner trichrome; scale bar 500 















At 10 weeks, the P(L/D)LA scaffold was surrounded by a fibrous tissue capsule and became 
completely invaded by loose connective tissue rich in fibroblasts and capillaries (Fig. 25A and 
a). The polymer filaments were practically intact when observed by the light microscope and 
only few cracks were seen. Their mean filament diameter throughout the scaffold was 112 
µm (SD 2.7). The mean degree of porosity was 65% (SD 4.1) dorsally in the scaffold and 63% 
(SD 5.0) volarly in the scaffold (Fig. 24). This did not statistically differ from the porosity of 
the unimplanted PL(D/L)LA scaffold (p = 0.19). Volarly, the in-grown connective tissue had 
matured and condensed forming now a dense collagen framework between the polymer fila-
ments (Fig. 25a). Each individual filament was encapsulated by 3-7 layers of fibroblasts. In 
some parts of the scaffold, the 4-ply P(L/D)LA multifilament structure of the knitted scaffold 
was distinguishable. Dorsally in the scaffold, mainly unorganised cell-rich loose connective 
tissue was seen (Fig. 25A). A few macrophages were detected on the surface of the P(L/D)LA 
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filaments, but neither lymphocytes nor neutrophils were present. The fibrous interface area 
between the scaffold and the resected bone end was approximately 1.2 mm wide on the meta-
carpal side and approximately 0.48 mm on the proximal phalangeal side. New bone forma-
tion was seen periosteally at the volar and dorsal edges of both resected bone ends (Fig. 25).
Twenty-six-week follow-up
At 26 weeks, most of the filaments of the P(L/D)LA scaffold were unfragmented and only few 
cracks were observed (Fig. 25B and b). The invasion of the granulation tissue into the cracked 
filament structure was still very minor. The 4-ply multifilament structure of the scaffold could 
no longer be clearly identified. The mean diameter of the P(L/D)LA filaments was 116 µm 
(SD 6.3) in the scaffold. The porosity volarly in the scaffold had remained similar (mean 64%, 
SD 3.0, p = 0.67), but dorsally it had increased (mean 78%, SD 4.6, p = 0.02) compared with 
the 10-week specimens (Fig. 24). The connective tissue inside the scaffold had matured and 
condensed into dense connective tissue, which was rich in compacted collagen bundles and 
contained only a few scattered fibroblast-like spindle-shaped cells. After 10-weeks, an obvious 
increase in collagen framework was observed inside the P(L/D)LA scaffold (Fig. 25 and 26). 
Especially in the volar side of the scaffold, the dense collagen bundles were aligned between 
and around the P(L/D)LA filaments (Fig. 25b). Often only 1-2 fibroblast layers encapsulated 
each individual filament. However, in the dorsal and peripheral regions of the scaffold, all 
individual filaments were surrounded by a 1-5 fibroblast thick layer. A few multinucleated 
phagocytic foreign-body giant cells and macrophages were seen on the surface of the fila-
ments, but no other inflammatory cell infiltrates were present. The mean width of the fibrous 
bone-scaffold interface was 0.84 mm on the metacarpal and 0.30 mm on the proximal phalan-
geal side. There was still a periosteal reaction at the edges of both bone ends (Fig. 25).
Fifty-two-week follow-up
At 52 weeks, the configuration of the P(L/D)LA scaffold was identifiable but had softened 
(Fig. 25C). In histological specimens, increased cracking of the P(L/D)LA filaments was seen, 
but the volume of granulation tissue penetrating into the filaments was still relatively minor. 
26 wks 1 yr10 wks
Volar sideDorsal side
Proportion of collagen bundles 







Figure 26. Histomorphometric analysis of 
the proportion of collagen bundles in the 
in-grown fibrous tissue shows connective 
tissue maturation in the dorsal and volar 
sides of the scaffold as a function of time.
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The mean diameter of the cracked P(L/D)LA filaments was 120 µm (SD 7.4) in the scaffold. 
The degree of porosity remained similar dorsally in the scaffold (mean 77%) compared to the 
26-week specimens (p = 0.80), but volarly the porosity had slightly reduced (56%, p = 0.19, vs. 
26 week specimens) (Fig. 24). The difference in the degree of the porosity between the volar 
and dorsal sides of the scaffold was significant (p = 0.022). The dense connective tissue was 
highly organised throughout the scaffold and formed a nearly acellular, dense collagen frame-
work with only a 1-3 fibroblasts thick layer around each P(L/D)LA filament in most places, 
especially volarly in the scaffold. The increase in the collagen framework inside the scaffold 
was significant compared to the 10-week specimens (p = 0.002, Fig. 26). Macrophages and 
a few foreign-body giant cells were seen in close vicinity to the polymer indicating actively 
ongoing degradation. The number of macrophages had increased compared with 10 and 26 
week specimens but they were still few in number. No other inflammatory cell infiltrates were 
seen. The mean width of the fibrous bone-scaffold interface was 1.33 mm on the metacarpal 
side and 0.19 mm on the proximal phalangeal side. This difference was statistically significant 
(p < 0.001). Due to new bone formation the bone end of the metacarpal bone had remod-
elled into a rounded convex shape, whereas the bone edges of the proximal phalanx were 
“clumped” and so its contour formed a more concavely-shaped bone end.
Three-year follow-up
At 3 years, the P(L/D)LA scaffold had almost completely degraded and disappeared (Fig. 
25 and 27). Only a very few tiny polymer particles were seen. The site of the scaffold had 
mostly been replaced with acellular dense connective tissue, characterised by abundant dense 
compacted collagen and a paucity of cells. The collagen fibers were mainly orientated in lon-
gitudinal direction. Patches of loose connective tissue, with polymer debris apparently being 
actively phagocytosed by macrophages, and some foreign-body giant cells were seen in some 
areas, especially dorsally in the reconstructed joint (Fig. 27). Except for a few lymphocytes 
that were seen in these areas, no lymphocyte or neutrophil infiltrates were evident. Scattered 
clusters of adipocytes were seen in the marginal areas of the joint. The bone ends were similar 
to the one-year specimens, except that the clumpy volar edge of the proximal phalanx had 
become more prominent than the dorsal one.
Figure 27. At three years the P(L/D)LA 96/4 
joint scaffold had almost totally degraded 
and was replaced by dense connective tissue 
(D) with abundant collagen fibres. In some 
areas there were patches of cell-rich loose 
connective tissue with tiny P(L/D)LA 96/4 
debris particles (star) being phagocytosed 
by macrophages and foreign body giant cells 
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5.2.4 Light microscopy of P(L/D)LA 96/4 scaffold with Polyactive® stem
Ten-week follow-up
Ten weeks after implantation, the intramedullary Polyactive® 1000PEO70PBT30 stems had 
been fragmented into various sizes of fragments, the diameter of which varied from tens of μm 
to several millimeters (Fig. 28A). Histological evaluation demonstrated that intramedullary 
Polyactive® 1000PEO70PBT30 fragments were surrounded by inflammatory cell infiltrates, 
such as polymorphonuclear neutrophils, macrophages, epitheloid cells, foreign-body giant 
cells and small lymphocytes organised into separate layers in a centrifugal direction from the 
center of the granuloma (Fig. 29). Many blood vessels were seen in the outer portions of the 
granulomas. The granulomas were surrounded by a thin layer of fibrous tissue (10-30 layers of 
fibroblasts) composed of multiple, slender and spindle-shaped fibroblasts embedded in col-
lagenous matrix. No direct bone - Polyactive® 1000PEO70PBT30 stem contact could be seen. 
The cortical bone was thin at the stem site, usually less than 500 μm thick. In some places the 
cortex was perforated and small Polyactive® 1000PEO70PBT30 fragments (< 200 μm in diam-
eter) had been extruded into the extramedullary space over wide areas. A lot of osteoclasts 
were found at the margins of the osteolytic areas, aggressively resorbing the endosteal bone 
(Fig. 29). The extramedullary Polyactive® 1000PEO70PBT30 fragments were often embed-
ded in granulomas (Fig. 30). In addition, foreign-body giant cells with a ‘foamy’ appearance 
containing Polyactive® 1000PEO70PBT30 fragments in their cytoplasm were present. The 
histology of the extramedullary inflammatory granulomas resembles the intraosseus foreign-
body reaction with polymorphonuclear neutrophils, lymphocytes, and epitheloid cells, but 
often with a thicker fibrous capsule (10-50 layers of fibroblasts) as the outermost zone. In the 
arthroplasty joint space, fibrous connective tissue formation was seen inside the P(L/D)LA 
96/4 scaffold. New bone formation was seen periosteally at the volar and dorsal edges of both 
resected bone ends.
Twenty-six-week follow-up
The extent of fragmentation of the Polyactive® 1000PEO70PBT30 stem had not markedly 
increased. The foreign-body reaction around the Polyactive® 1000PEO70PBT30 fragments 
was still prominent. However, the inflammatory infiltrates in the granulomatous areas were 
clearly less numerous and smaller in size, whereas the outermost fibrous capsule was thicker 
than in the 10 week specimens consisting of up to 70 layers of fibroblasts. The granulomas were 
at this stage characterised by central Polyactive® 1000PEO70PBT30 particles surrounded by 
polymorphonuclear neutrophils, epitheloid cells, lymphocytes and only a few mononuclear 
phagocytic cells that often contained implant material fragments in their cytoplasm. Despite 
marked osteolytic areas observed adjacent to these inflammatory tissues, no aggressive osteo-
clast activity was seen any more.
Fifty-two-week follow-up
The degradation of the Polyactive® 1000PEO70PBT30 stems had progressed, but the outline 
of the stem was still identifiable due to the large intramedullary fragments of the stem that 
were 1-2 mm in diameter (Fig. 28C). No direct bone - polymer contact could be seen. The 
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Figure 29. Intramedullary Polyactive® 
1000PEO70PBT30 stem - bone interface at 
10 weeks. A lot of osteoclasts are found at 
the margins of the osteolytic area resorbing 
aggressively the endosteal bone. Polyactive® 
1000PEO70PBT30 stem is indicated by a 
star, the arrows indicate osteoclasts resorbing 
endosteal bone. Masson-Goldner trichrome; 
scale bar 200 μm.
Figure 30. Extramedullarily perforated 
Polyactive® 1000PEO70PBT30 fragment 
surrounded by a granuloma at 10 weeks. 
Polyactive® fragment is indicated by a star. 
Masson-Goldner trichrome; scale bar 200 
μm.
Figure 31. A bone cyst which developed at the site 
of degraded intramedullary Polyactive® stem. The 
bone cyst is indicated by a star. Masson-Goldner 
trichrome; scale bar 500 μm.
Figure 28. Sagittal photomicrograph of the joints reconstructed by P(L/D)LA 96/4 scaffold with 
Polyactive® 1000PEO70PBT30 double-sided stem at A) 10, B) 26, C) 52 weeks and D) 3 years post-








* * * *
*
* *
EW VK.indd   61 10.9.2008   23:41:30
62 5 – Results
Polyactive® 1000PEO70PBT30 fragments were enclosed in granulomas infiltrated by polymor-
phonuclear neutrophils, lymphocytes, epitheloid cells and macrophages. However, compared 
with 10-week and 26-week specimens, the inflammatory infiltration was more moderate and 
previously separate cell layers inside the granulomas were not clearly identifiable anymore. 
The fibrous tissue capsule (10-30 layers of fibroblasts) surrounding the granulomas now con-
tained also myofibroblasts. The endosteal surface of the bone was now occupied by osteob-
lasts forming new bone. The outline of the P(L/D)LA scaffold was identifiable despite the high 
rate of cracking of filaments.
Three-year follow-up
At three years, the Polyactive® 1000PEO70PBT30 stem had been mostly degraded and previ-
ous osteolytic areas had been replaced by new trabecular bone (Fig. 28D). The bones were 
highly sclerotic having thickened cortices enclosing disorganised and coarse trabeculae. A 
few large cysts without any lining cells were seen both intramedullary and in the fibrous 
artroplasty joint space (Fig. 31). No polymer material could be discerned. The predominant 
tissue component was dense fibrous tissue in the arthroplasty joint space. There were no 
inflammatory infiltrates.
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6.1 Bioabsorbable fixation
In the present study, the initial fixation stabilities provided by bioabsorbable implants in the 
tubular bones of the hand were studied ex vivo and compared with those of metal fixation 
techniques.
In transversally-osteotomised metacarpals, 2.0 mm SR-PLGA 80/20 or SR-P(L/DL)LA 70/30 
plate systems provided bending stability comparable with that obtained with a 1.7 mm tita-
nium plate system. In dorsal apex bending, the rigidity of the dorsal bioabsorbable plate 
system was higher than those of crossed Kirschner wires. However, in palmar apex bending, 
Kirschner wire fixation was superior to the bioabsorbable and titanium plate fixations. The 
reason for this is the direction of force, which isolates and leaves the plate alone to carry 
the load. The lateral placement of the plate may be, from an extensor mechanism point of 
view, more favourable. By placing the bioabsorbable plate dorsolaterally rather than dorsally, 
the rigidity was increased in palmar apex bending but decreased in dorsal apex bending. 
Torsional rigidity provided by 2.0 mm bioabsorbable plate systems was higher than those 
provided by 1.7 mm titanium plate system, and no significant difference was found when 
comparing them with Kirschner wire fixation. Previously in transverse proximal phalangeal 
osteotomy, the rigidity provided by crossed 1.5 mm SR-PGA pins coated with PDS has been 
reported to be comparable with that of crossed 1.5 mm Kirschner wires in bending and com-
pression tests, but the torsional rigidity achieved by the bioabsorbable pins was minor [46]. 
In biomechanical testing with non-SR plates and screws, the results have shown low strength 
characteristics [22].
In obliquely-osteotomised pig metacarpals, the main advantage of using bioabsorbable plates 
was the increased bending stability for the bioabsorbable construct. However, a single inter-
fragmentary bioabsorbable screw with a plate provided relatively limited torsional rigidity 
due to deficient interfragmentary compression. Two 1.5 mm SR-PLLA pins provided fixation 
rigidity comparable with that of 1.5 mm Kirschner wires in dorsal and palmar apex bending, 
whereas in torsion the rigidity was comparable with that of 1.25 mm Kirschner wires. Two 
interfragmentary SR-P(L/DL)LA 70/30 screws (outer Ø 2.0 mm, inner Ø 1.45 mm) provided 
similar fixation rigidity to two 1.5 mm Kirschner wires in all directions, but lower rigidity 
than the titanium lag screws. The titanium plate with an interfragmentary lag screw showed 
to be mechanically superior to all other modes of fixation.
The bending and torsional forces are those likely to occur in metacarpal and phalangeal bones 
during in vivo loading of the hand. Therefore, bending and torsion tests were applied to oste-
otomised bones in these biomechanical studies. The bone specimens utilised in these studies 
were fresh frozen human cadaver metacarpal bones (paper I) and pig second metacarpal 
bones (paper II). The diaphyseal part of the pig metacarpal resembles human metacarpal 
bones and proximal phalanges [106]. Pig bones provided lower variance in dimentions and 
biomechanical properties compared to human cadaver bones. This is because cadaver bones 
were harvested from donors of variable age and bone densities.
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Ex vivo biomechanical testing provides important data on fixation methods, although there 
are limitations as regards to clinical applications. The use of denuded bones underestimates 
the natural contribution of surrounding soft tissues to bone stability and deformities. There 
are no solid data indicating how much rigidity is required to achieve functional stability of 
a hand fracture. The conditions in vivo involve cyclic and sometimes sudden loading. While 
these biomechanical studies indicated satisfactory relative initial fixation stability compared 
to metal fixation techniques, they did not address the possibility of fatigue failure of fixation. 
The fatigue properties of bioabsorbable fixation systems have been insuffiently studied and 
need to be the subject of future studies.
The retention of mechanical properties of bioabsorbable fixation systems was not analysed 
in these studies. However, the behavior of SR-PLLA, SR-P(L/DL)LA 70/30 and SR-PLGA 
80/20 fixation implant in vivo has been earlier extensively validated in both experimental [73, 
101, 145, 206, 208, 209] and clinical [6, 158, 219] studies. These implants have shown good 
biocompatibility and have controlled strength retention properties. However, the soft-tissue 
volume available for accommodating implants is relatively small in the hand. Fibrosis and 
inflammatory tissue reaction related to the bioabsorbable implants and especially to extra-
osseal plates is a potential concern in terms of tendon adhesion and soft-tissue irritation. 
Substantially amorphous SR-P(L/DL)LA 70/30 and SR-PLGA 80/20 co-polymers appears to 
have reduced the severity of this reaction [6, 73, 101, 145, 182, 219]; that reduces concern 
about complications. After an experimental trauma in monkeys, a PLGA sheet has been doc-
umented to reduce tendon adhesion and fibrosis between extensor tendon and metacarpal 
bone compared with control hands without implants [38]. SR plates, although small, remain 
relatively bulky when compared with the very thin equivalent titanium plates. Therefore, 
before disintegration, bioabsorbable implants may disturb the balance and function of joints 
and tendons. In the future, the fixation stability of bioabsorbable plate fixation can further 
increase and profiles can be made lower with three-dimensional plate design.
The biomechanical results and the extensive experience in the craniomaxillofacial region [6, 
219] encouraged us to proceed with preliminary clinical studies on SR plate-and-screw systems 
in the hand. In our three preliminary patients with complex hand injuries, the SR-P(L/DL)LA 
70/30 plates combined with 1.5 mm or 2.0 mm screws gave adequate stability for bone fixation 
and allowed union without infection or deformity or signs of implant failure. With follow-up 
periods of 12–20 months, union was achieved in all three cases and no clinical signs of adverse 
reactions were seen. Recently, non-SR PLGA 82/18 plates (LactoSorb®) were used for the fixa-
tion of 12 unstable metacarpal fractures [43]. An additional orthosis for 3 weeks was combined 
with the treatment protocol because of two patients with a secondary implant failure. No further 
implant failures were observed after this change of the post-operative regimen. Bone consolida-
tion occurred within 6 weeks, and the healing was uneventful except for prolonged transient 
soft-tissue swelling in 3 patients. The patients demonstrated total active ROM 220°-265° at the 
six-month follow-up. The authors suggested the bioabsorbable plate-and-screw system with a 
supplemental orthosis for non-comminuted metacarpal fractures in compliant patients.
Bioabsorbable fixation implants offer potential advantages over the metal implants. When 
bioabsorbable fixation implants are used, no removal operation is necessitated and still no 
long-term interference with tendons and the growing skeleton remains [216, 217, 219]. In 
intra- and periarticular fractures, bioabsorbable pins are of advantage, since pins can be 
cut flush or beneath the bone surface, minimally violating the articular surface [57, 90, 136, 
225]. Bioabsorbable implants do not interfere with clinical imaging. Additionally, the risk of 
implant-associated stress shielding and peri-implant osteoporosis is reduced [74].
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6.2 Bioabsorbable joint scaffold arthroplasty
6.2.1 P(L/D)LA 96/4 joint scaffold
This experimental small joint arthroplasty model in minipigs showed that the P(L/D)LA 96/4 
joint scaffold could be successfully used to engineer fibrous tissue joints in situ. The scaffold 
was initially invaded by vascularised and cell-rich loose connective tissue. In rat subcutis the 
in-growth of connective tissue into the P(L/D)LA 96/4 scaffolds occurred by three weeks 
[93]. During the follow-up of this study, the loose connective tissue inside the joint scaffold 
construct matured to dense fibrous connective tissue with an abundant collagen framework, 
containing only relatively few fibroblasts. The cell-rich interface zone immediately around 
all P(L/D)LA 96/4 filaments consisted of a fibroblast layer that became thinner during the 
follow-up. Recently, a somewhat similar connective tissue response to a P(L/D)LA mesh sheet 
after subcutaneous implantation in rat was described [82]. A type III collagen-rich area was 
found in the cell-rich interface zone immediately around the implant, whereas type I collagen 
and α-actin were expressed in the outer dense connective tissue zone. Myofibroblasts rich in 
α-actin formed a tight framework around the P(L/D)LA material and the type III collagen-
rich interface zone, providing contraction and stability [82-84]. A prolonged and enhanced 
expression of extracellular matrix proteins tenascin and cellular fibronectin has also been 
demonstrated around P(L/D)LA implants [82-84]. This type of organised tissue architecture 
may represent the topological equivalent of a wound healing process, including clearance 
of dead tissue debris, production of a provisional fibronectin, tenascin and type III collagen 
rich matrix, scar contraction and maturation to type I collagen-rich fibrous tissue. A previ-
ous histological study on monkeys’ thumb basal joints demonstrated that allograft tendon 
interposition promoted the repopulation of the artroplasty space with dense fibrous tissue, 
whereas the specimens without an interposition tendon graft were filled with loose fibroadi-
pose tissue [166].
The collagen framework inside the scaffold became more prominent during the follow-up 
and provided ultimate structural integrity and strength in the arthroplasty space after scaf-
fold degradation. The collagen framework was more prominent in the scaffold volarly than 
dorsally, which suggests that compression loading associated with joint flexion serves as a 
stimulus for fibrogenesis. At 3 years the structure of the P(L/D)LA 96/4 joint scaffold was 
almost completely disintegrated and replaced by dense fibrous connective tissue with scat-
tered fibroblastic cells embedded in a collagen-rich matrix. As a last sign of the degradation 
process, there were patches of cell-rich loose connective tissue with tiny polymer debris par-
ticles in some areas. In addition to the local resident cells, such as vascular endothelial cells, 
fibroblasts and mast cells, this cellular reaction was composed of macrophages and foreign-
body giant cells which are thought to be responsible for the ultimate digestion of the poly-
meric debris [128]. No accumulations of lymphocytes, implying an immune-inflammatory 
process, were seen. These results are consistent with earlier clinical, histological and immu-
nohistological studies on P(L/D)LA 96/4 implants [64, 65, 82-84, 93, 162].
The maintenance of the arthroplasty space and joint alignment after interposition arthroplasty 
is essential for a successful outcome. In vitro compression testing has shown that the P(L/
D)LA 96/4 joint scaffolds withstand estimated in vivo stresses and axial loading in the human 
MCP joints [120]. In this study, the arthroplasty space was maintained in the P(L/D)LA 96/4 
scaffold group during the three years follow-up despite the scaffold degradation and strength 
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loosening. It thus seems that this type of joint arthroplasty does not per se require that the 
joint spacer is of biostable material. Apparently, endogenously “engineered” fibrous tissue is 
able to maintain the arthroplasty space. Probably the daily active use of the small joints of the 
hand prevents ankylosis and favours formation of a fibrous and functional pseudarthrosis.
The in-growth of fibrous tissue into an implant can be regulated by altering the structural 
parameters of the scaffold, such as the porosity, pore size, pore interconnectivity, filament ori-
entation and compression modulus of the implant [200]. Because of the knitting and shaping 
techniques, the P(L/D)LA 96/4 scaffold has open porosity throughout the structure with the 
pore size ranging from some ten micrometers to more than 1 mm in diameter [64, 120]. This 
minipig experiment shows that this is enough for the ingrowth of fibroblasts which subse-
quently are able to replace the relatively loose and vascular connective tissue into cell-poor 
and well-organised fibrous connective tissue.  
The original macroscopic configuration of the P(L/D)LA 96/4 scaffold was identifiable until 
follow-up of 52 weeks, but some changes on the surface and in the porosity developed during 
this observation period. The porosity of the scaffold reduced in situ volarly, probably due to 
compression caused by bones and ligaments and due to the reduced strength of the polymer. 
On the other hand, the mean porosity was dorsally increased at 26 and 52 weeks, which 
may be due to a distraction force generated on the extension side of the joint during joint 
motion.
The passive ROM values after the P(L/D)LA 96/4 joint scaffold and Swanson implant arthro-
plasties were similar in the present experimental study. However, the number of animals in 
each time group was not sufficient for adequate statistical analysis. The values may appear 
somewhat high when compared to the ROM values reported in human clinical studies for 
rheumatoid MCP joints after Swanson silicone arthroplasty [33, 53]. However, the ROM 
values recorded in most clinical studies are active, not passive. In radiographs, a minimal 
radiological volar subluxation, without any progression during the follow-up, was seen in the 
P(L/D)LA 96/4 scaffold group. In the microscopic evaluation, the volar subluxation occurred 
at the fibrous interface area between the scaffold and the resected metacarpal bone end. It is 
likely that most of the hybrid joint motion occurs in this hinge area, whereas the scaffold itself 
functions as a cushion-like absorbing counterforce. In the P(L/D)LA 96/4 scaffold group, the 
head of the resected metacarpal bone remodeled into a rounded convex shape, whereas the 
proximal phalanx remodelled into a concave shape. Possibly the joint biomechanics plays a 
role in this type of remodelling; a similar widening of the base of the proximal phalangeal 
bone is seen, e.g. in psoriatic arthritis, characterised by new bone formation. The P(L/D)LA 
96/4 scaffold degradation did not induce any significant osteolysis or cortical erosion in the 
adjacent bones.
In the future, the bioabsorbable joint scaffold may be improved by using surface modifica-
tion of the scaffold, bioactive molecules, cytokines, growth factors and seeded cells, such as 
chondrocytes, to reconstruct more complex structures [71, 168]. This is possible as PLA-
based materials are cyto- and biocompatible with cells and tissues [1, 6, 19, 75, 76, 89, 103, 
133, 134, 137, 158, 205-209, 213, 214, 219]. An improved understanding of cell behaviour 
(i.e., adhesion, proliferation and differentation) is needed for a better understanding of dif-
ferent types of scaffolds and of cell-material interactions. However, in rheumatoid patients, 
cartilage may be unfavourable because of the inflammatory joint disease, which may to some 
extent be maintained by an autoimmune attack against autologous cartilage tissue [85].
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The fifth minipig MCP joint is a new in vivo model for evaluating the implants used in the 
small joint arthroplasty. The fifth minipig MCP joint is not a main weight-bearing joint, but, 
however, moves at each step, simulating cyclic hand joint loading. Its shape and passive ROM 
are close to those of the healthy human MCP joints. As regards the MCP arthroplasties, which 
are mainly done for rheumatoid arthritis patients, there were no inflammatory cell infiltrates 
in the reconstructed joints, and their soft-tissue balance was favourable. In the present study, 
both bone ends of the joint were resected to simulate the end stage of arthritis. Previously, 
e.g. the rabbit knee has been used as an in vivo model for evaluating the implants used in the 
reconstruction of MCP joints [113] but the model has been criticised [178]. Monkey hands 
closely resemble human hands in an anatomical sense [166], but the use of the monkey as an 
experimental animal is more expensive and its availability is limited.
6.2.2 P(L/D)LA 96/4 joint scaffold with Polyactive® stem
The alignment and stability of the P(L/D)LA 96/4 joint scaffold and the reconstructed joint 
must be maintained post-operatively before the in-grown fibrous tissue provides ultimate 
stability. Before the scaffold becomes stabilised by the invaded fibrous tissue, a temporary 
anchorage to adjacent bones using a double-sided intramedullary stem was considered as 
an alternative. To anchor the P(L/D)LA 96/4 joint scaffold in the resected joint for the early 
post-operative period, we developed a composite P(L/D)LA 96/4 scaffold with a double-sided 
intramedullary Polyactive® 1000PEO70PBT30 stem.
Earlier studies suggest that Polyactive® PEO/PBT co-polymer is degradable, elastomeric [78, 
164], osteoconductive [21, 88, 149, 151, 153, 163] and has good biocompatibility [21, 88, 109, 
149, 151-153, 157, 163, 198]. Hydrogel-like and bone bonding properties of the material, may 
enable in situ locking in bone [78, 195].
The Polyactive® 1000PEO70PBT30 stem caused a deleterious tissue reaction with dramatic 
signs of osteolysis in this study. The original diameter of the implant tracks (2-3 mm) had an 
osteolytic extension up to 7 mm seen in the radiographs since the first follow-up of 10 weeks. 
The bone cortex at the site of the intramedullary stem was often less than 1 mm in thickness 
and occasionally even perforated during the first post-operative year. In the control Swanson 
implant group with similar stem dimensions, the radiological stem track averaged only 3 
mm in maximum diameter during the three-year follow-up. This diameter around the stems 
of Swanson implants was similar to or only slightly greater than the original reamed bone 
channel diameter. However, in clinical studies peri-implant osteolysis around the silicone 
implants is a common radiological finding, especially in the long-term follow-up [53, 131]. 
The osteolysis around silicone implants is caused by the pistoning movement of the silicone 
stems in the intramedullary canal and by the foreign-body reaction to silicone [33, 53, 131, 
177].
The Polyactive® co-polymer is initially highly elastomeric [78, 164]. The composite joint 
implants with a double-sided intramedullary Polyactive® 1000PEO70PBT30 stem were similar 
to handle and to implant with flexible Swanson silicone rubber implants during the opera-
tion. However, the mechanical properties of Polyactive® 1000PEO70PBT30 decrease rapidly 
in an aqueous environment due to the high swelling typical for hydrogels and later also due 
to degradation [78]. In this study, the fragmentation of the stem during the first 10 weeks was 
suggestive of a decrease of elastomeric properties.
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In this small joint arthroplasty model, no direct bone – Polyactive® 1000PEO70PBT30 
stem bonding could be seen during the 3 years follow-up. Microscopically, the Polyactive® 
1000PEO70PBT30 fragments were surrounded by granulomas that showed massive inflam-
matory foreign-body reactions with numerous polymorphonuclear leukocytes, lymphocytes, 
mononuclear macrophages and foreign-body giant cells with phagocytozed Polyactive® 
1000PEO70PBT30 particles. The foreign-body reaction persisted until 52 weeks but gradu-
ally settled down by 3 years. High numbers of osteoclasts were found resorbing the endosteal 
bone to a large extent near the intramedullary Polyactive® 1000PEO70PBT30 fragments at 10 
weeks. Cytokine production by macrophages and foreign-body giant cells can cause recruit-
ment and activation of osteoclasts leading to bone resorption [86]. However, the osteoclast 
profile persisted only at the ten-week follow-up. At 52 weeks, relatively many osteoblasts, 
reflecting osteogenic activity, were seen at the endosteal surface of the bone. The bone syn-
thesised was highly sclerotic and contained coarse trabeculae. At three years, no Polyactive® 
1000PEO70PBT30 fragments could be seen anymore, but a few large cysts without any lining 
cells were seen both in the intramedullary and the fibrous artroplasty joint space, as the last 
sign of the Polyactive® 1000PEO70PBT30 material.
We suppose that the extensive osteolysis and foreign-body reaction induced by the Polyactive® 
1000PEO70PBT30 stem in this study were caused by a raise in the intramedullary pressure and 
the irritation due to hydrogel-like properties of the Polyactive® 1000PEO70PBT30 stems and 
abrasion phenomenon caused by pistoning movement of a stem due to animal moving feet. 
The minipig fifth MCP joint moves at each step subjecting the Polyactive® 1000PEO70PBT30 
stem to cyclic stress. This biomechanical aspect, not occurring in the earlier studies on the 
biocompatibility of this material, may have resulted to pistoning of the stem in the intramed-
ullary canal during the early post-operative period and, thus, prevented good initial mechani-
cal contact between the bone and the Polyactive® 1000PEO70PBT30 stem, and subsequent 
bone implant bonding. Wet PEO/PBT cylinders in a fully swollen state lack the capacity for 
bone-bonding but are instead encapsulated by thin fibrous capsule interposed between the 
bone and implant [163]. Cyclic stress to Polyactive® 1000PEO70PBT30 stem may also have 
accelerated the water up-take and degradation of the polymer. This perhaps led to accelerated 
swelling of the Polyactive® 1000PEO70PBT30 and tissue reactions, increased intramedullary 
pressure and excessive formation of degradation products overwhelming the clearance capac-
ity of the surrounding tissue.
These results demonstrating extensive osteolysis and massive foreign-body reactions were 
unexpected, as in all earlier animal and clinical studies the Polyactive® co-polymer has dem-
onstrated to have good biocompatibility and, in most earlier studies, even osteoconductivity. 
The reason for the controversial results could be the difference in polymer application to 
earlier in vivo studies in which the co-polymer has been investigated in non-loaded applica-
tions. In contrast, in this small joint arthroplasty model, the Polyactive® 1000PEO70PBT30 
stem was subjected to cyclic stress associated with joint motion which led to deleterious, 
osteolytic tissue reaction.
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7   CONCLUSIONS
The present study demonstrated that the initial biomechanical properties of SR bioabsorbable 
plates, screws and pins are comparable to currently-employed metal fixation methods in the 
small tubular bones. Bioabsorbable plate considerably enhances the bending stability of the 
bioabsorbable fixation construct. However, the torsional stability provided by these bioab-
sorbable implants is more limited than that obtained with their metal counterparts. In three 
cases of complex hand injuries, bioabsorbable plates were applied successfully, resulting in 
consolidation in a proof-of-principle type of study. In an experimental small joint arthroplasty 
model, P(L/D)LA 96/4 joint scaffold promoted functionally-adapted fibrous tissue in-growth 
while the arthroplasty space between the bone ends was maintained. After the degradation of 
the scaffold, a functional, stable pseudarthrosis with cell-poor and well-organised connective 
tissue was formed. In the composite joint implant, however, the intramedullary double-sided 
Polyactive® 1000PEO70PBT30 stem caused a deleterious, osteolytic tissue reaction and thus 
the Polyactive® 1000PEO70PBT30 stem should not be used in clinical joint reconstruction. 
The bioabsorbable implants have potential for use in clinical hand surgery, but must await 
validation in clinical patient series and controlled trials.
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